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This work considers with the origin, age and geological environment of the concealed conti-
nental crust of Vestfjella, western Dronning Maud Land, Antarctica (WDML). In the Jurassic, 
the bedrock of Vestfjella experienced the latest major period of extension and rifting. The 
WDML Jurassic crust has been correlated with the Karoo Large Igneous Province of Africa, 
and with the Archean and Proterozoic domains, where exposed, of the Archean Kaapvaal 
Craton and Mesoproterozoic Natal Belt of Africa. The lamproite-hosted xenoliths investi-
gated in this study show metamorphic (including metasomatic) modification from their pri-
mary geochemical composition. In the classification of the examined samples, the mineral 
mode proved to be superior to geochemical classification in protolith identification. 
 The zircon populations of arc affinity metatonalite, quartz metadiorite and metagranite 
xenoliths record multiple thermal events at 1150–590 Ma. However, the evolution of the 
WDML Proterozoic crust began earlier, in the Mesoproterozoic, with arc magmatism at ca. 
1450–1300 Ma. The accretion of arc terrains and development of the continental Namaqua–
Natal–Maud belt by the Grenvillian-Kibaran orogeny was followed by the break-up of the 
Rodinia Supercontinent. Granite crystallization at ca. 1100–1090 Ma and at 1050–990 Ma 
records crustal anatexis, cooling and Neoproterozoic mylonitic deformation. The Proterozoic 
zircon ages are similar to the crustal domains in the Natal Belt of southern Africa, the Maud 
Belt of central Dronning Maud Land and remote Mesoproterozoic basement exposed in the 
West Falkland Islands and Haag nunataks, West Antarctica. 
 The initial εNd (1450) of +7.1 for a pargasite-rich garnet-free metagabbro and the initial 
εNd (180) of -8.5 for a garnet-bearing metagabbro resemble the isotopic signature of en-
riched lithospheric mantle and old enriched crust. The present-day Nd isotope composition 
of these xenoliths conforms to the array of the Triassic Karoo igneous province gabbroic 
rocks and granulite xenoliths (Proterozoic or undefined), similar to the Lesotho lower crus-
tal xenoliths. The youngest xenolith zircon age, 165 Ma, records crustal heating and granite 
magmatism post-dating the Karoo magmatism in WDML. The Vestfjella crust cooled below 
300 °C at ca. 100 Ma ago (Rb-Sr).
 This work provides new direct information on the concealed Precambrian of East Antarc-
tica, the regional geology of East Antarctica and southern Africa, and geological processes in 
the Vestfjella bedrock. The results may be used to resolve the palaeogeography of the super-
continents Rodinia and Gondwana and to interpret existing and forthcoming chronological, 
geochemical and geophysical data.
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1 INTRODUCTION
Over geological time, the crust of the Earth 
has evolved geochemically and mineralogically 
through magmatic differentiation and recycling 
within the geosphere. The geological process-
es affecting the bedrock commonly take a long 
time, and periods of 0.1–1 Ga often need to be 
examined to distinguish processes such as the 
formation and modification of oceanic and con-
tinental crust, as well as plate tectonics. The 
crust (both oceanic and continental) is the only 
direct source of minerals and metals that make 
modern human life possible on Earth. Moreover, 
the continental crust, comprising 0.5% of the 
mass of the Earth, is a major reservoir of incom-
patible elements (e.g. McLennan et al. 2006). By 
studying the lithological units of the continental 
crust it has been possible to decipher the evolu-
tion of the Earth from the Archean to the present. 
The essential tools used are geochemical finger-
printing, a variety of geochronological methods 
and palaeomagnetism. A crucial prerequisite in 
the interpretation of geochemical data is knowl-
edge of the mineralogy and petrography of the 
rocks examined. The plate tectonic context of 
the rock units offers insights into the geologi-
cal processes and is also the basis for numerous 
practical applications, including prospecting and 
the study of overall changes in the Earth system. 
The crystalline bedrock in the current plate 
tectonic assembly of Antarctica is a collage of 
crustal units that were assembled into the su-
percontinent Rodinia in the Proterozoic and dis-
persed during the Mesozoic (e.g. Boger 2011). 
In Antarctica, exposed segments of Precam-
brian crust are also found in western Dronning 
Maud Land, East Antarctica. The framework of 
the regional geology in western Dronning Maud 
Land and southern Africa is based on the recog-
nition of the entity referred to as the Kalahari 
craton, defined by Jacobs et al. (2008) as the 
Archean nuclei of the Kalahari craton and the 
surrounding Proterozoic mobile belts (Fig. 1). 
The Proterozoic and Mesozoic events indicative 
of supercontinent cycles of Rodinia and Gond-
wana have generated new crust and tectonically 
modified the new and the pre-existing crust of 
the study area. However, the basement over the 
wide coastal area of western Dronning Maud 
Land is unexposed due to ice cover and overlying 
Jurassic flood basalts. The interface, probably 
sutured, between Archean and Proterozoic geo-
logical units is hidden, probably located beneath 
the Jurassic formations of the Vestfjella moun-
tain range, as indicated by aerogeophysical data 
(e.g. Corner 1994). Suture zones are geologically 
complex and tectonically disturbed, and often 
provide a plethora of igneous and metamorphic 
rocks of different ages, compositions and pos-
sible genetic interpretations. 
The study area is positioned in a rifted con-
tinental margin setting. Prior to the break-up 
of Gondwana in the Jurassic, Vestfjella was lo-
cated at or in the vicinity of the juncture of East 
Antarctica, Africa, the Falkland microplate and 
the Ellsworth-Haag microplate (Jacobs et al. 
2008, Jacobs & Thomas 2004) (Fig. 1). Based on 
aerogeophysical data, the Archean–Proterozoic 
boundary is likely to transect the basement of 
northern Vestfjella. This probably results in the 
basement of Vestfjella being geologically com-
plex, comprising a mélange of lithologies that 
originated in different eons. As outcrops are 
rare and scientific drilling has not been carried 
out on the land, expectations were high for the 
studied xenoliths, which represent inaccessible 
crustal levels.
In order to constrain the composition and 
age of the unexposed bedrock, the mineralogy, 
petrography, geochemistry, mineral and whole-
rock Sm-Nd ages, and zircon U-Pb ages of two 
lamproite-hosted xenolith suites from Vestfjella, 
western Dronning Maud Land, were investigated 
in this work. On the basis of correlative trace el-
ement geochemistry and mineral equilibration 
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calculations, the crustal provenance and infor-
mation on the ancient crustal thickness were 
deciphered. The origins of the xenoliths and 
associated geological processes that led to the 
present crustal architecture of western Dron-
ning Maud Land were examined by combin-
ing whole-rock and mineral geochemical data, 
based on detailed petrography and mineralogy 
of the samples, with U-Pb zircon geochronolo-
gy. This work provides direct information on the 
concealed Precambrian of East Antarctica, which 
is valuable in resolving the palaeogeography of 
the supercontinents Rodinia and Gondwana, the 
regional geology of East Antarctica and south-
ern Africa, and related geological processes in 
the bedrock. The results may be used for inter-
preting the existing and, hopefully, forthcoming 
geochemical and geophysical data on the study 
area. 
2 PROTEROZOIC CRUSTAL EVOLUTION
2.1 Proterozoic continental crust and processes therein
The formation of the continental crust is an on-
going process that demonstrably already started 
with zircon crystallization in the Hadean (Cavo-
sie et al. 2004) and was followed by the forma-
tion of oceanic proto-crust in the Archean (e.g. 
Arndt 2013). The Hadean (4.4 Ga) zircons of Jack 
Hills, Western Australia, indicate the presence of 
differentiated source rocks (Cavosie et al. 2004, 
Valley et al. 2014) and are indicative of re-melt-
ing processes of the proto-crust and subsequent 
continental crust formation (Arndt 2013). The 
late Archean crust is governed by felsic, quartz- 
and feldspar-dominated components, e.g. the 
tonalite–trondhjemite–granodiorite suites (e.g. 
Arndt 2013) and greenstone belts where mafic-
ultramafic volcanic rocks are common. It has 
been suggested that 75% of the continental 
crust was formed during the Archean and has 
since been recycled by subduction and sedimen-
tation processes (e.g., McLennan et al. 2006). 
Our perception of the differences between the 
Archean and Proterozoic Earth are based on age 
determinations and geochemical fingerprinting, 
combined with seismic and heat flow studies on 
current geological environments (McLennan et 
al. 2006). Although the composition of the Ar-
chean and Proterozoic crust differs geochemi-
cally, knowledge of the Phanerozoic processes 
has been widely used to interpret the formation 
of the continental crust during the Meso- and 
Neoproterozoic (cf. Davidson & Arculus 2006). 
Convergent margins and accreted oceanic 
plateaus are considered as the primary location 
for the production of juvenile continental crust 
(e.g. Davidson & Arculus 2006). Deep mantle 
plume and subduction-derived basalts provide 
the juvenile basis for continental rock types. As 
the continental crust is buoyant compared to the 
oceanic crust (which may only exist for about 200 
Ma in the Phanerozoic eon), it has been subject 
to a variety of time-integrated modifications, 
including weathering, erosion, partial melting, 
ductile and brittle deformation, and metamor-
phism. The continental crust is a buoyant res-
ervoir and the fractionation and differentiation 
of magmas in it produce more evolved, incom-
patible-element-enriched lithological units. In 
addition, sedimentary rocks act as crustal con-
taminants and a source component of anatectic 
melts, yielding an additional end member for 
the geochemical puzzle of the continental crust. 
A characteristic feature of the Proterozoic 
continental crust is its heterogeneity and great 
diversity of rock types. In general, magmas 
that were extracted from the mantle during 
the Proterozoic were more likely to have been 
contaminated by the earlier-formed crust than 
their Archean counterparts. Melting and mig-
matisation of the pre-existing crust (magmatic, 
metamorphic and sedimentary rocks), together 
with the contribution of magmas from depleted 
and enriched mantle peridotite and pyroxenite 
reservoirs, have been important factors pro-
ducing an internally differentiated continental 
crust characterized by increasing concentrations 
of incompatible elements from the deep to the 
shallow crust (cf. Rudnick & Gao 2004). 
The dynamics of the continental lithosphere 
are controlled by the structural and composi-
tional heterogeneities of the continental crust 
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and the subcontinental lithospheric mantle (cf. 
Levander et al. 2006). The resultant tectonic 
mixture of crustal components of different ages 
and recrystallization of, for example, zircon, 
monazite and titanite used in geochronology 
is evident (cf. Karlstrom & Williams 2006) and 
complicates unravelling of the genesis of crustal 
sections, particularly that of high-grade granu-
lite terrains (e.g. Whitehouse & Kamber 2005). 
Inevitably, therefore, the Proterozoic crust of 
the Earth that we observe today is the result of 
a great variety of geological processes and may 
be reflected by uniformitarianism. The most im-
portant environments of magma generation in 
the plate tectonic context are mid-ocean ridg-
es, oceanic islands, oceanic and continental 
arcs, and continental rifts. Mass-balance cal-
culations, heat flow models and seismic prox-
ies indicate that the main process generating 
continental crust in the Proterozoic was arc 
magmatism (e.g. McLennan et al. 2006). The 
continental crust cannot be solely produced 
by melting of the mantle, but also through the 
melting of pre-existing crust, mixing of the 
mantle-derived basaltic magmas with more 
felsic material, and by metamorphic and meta-
somatic modification of the pre-existing crust. 
The tectonically significant force affecting the 
abovementioned processes was the formation of 
collisional orogenies through convergence. Ad-
ditionally, the crust and the lithospheric mantle 
comprise a dynamic entity in which the varying 
characteristics of the crust and upper mantle, 
such as the composition, thickness, temperature 
and ability to generate heat, affect factors such 
as the mechanical properties and possible styles 
of deformation in the plate tectonic context (e.g. 
Rosenbaum et al. 2010, Sandiford & McLaren 
2006). It has also been proposed that the plate 
motions and changes in lithospheric thickness 
govern convection in the shallow mantle (King 
& Anderson 1998).
2.2 Supercontinent Rodinia
The concept of supercontinents combines geo-
logical, geophysical, geodetical and biological 
data for palaeogeographic interpretations of 
the relative configuration and distribution of 
the Earth’s continental landmass through time. 
Correlation between the age and composition 
of geological formations and tectonic features, 
together with information on palaeomagnetism 
(remanent magnetism of the magnetic minerals 
displaying the ancient magnetic fields), are the 
main tools used in continental reconstruction. 
Accordingly, comprehensive unitary landmass-
es referred to as the supercontinents Rodinia, 
Gondwana and Pangea have been reconstructed 
on the basis of the proxies preserved on the con-
tinents of today.
The Rodinia supercontinent and its precurso-
ry continental blocks were built up in orogenic 
processes between 1.3–0.9 Ga, one of the spatial-
ly most extensive being the 1.1 Ga Grenville-age 
orogeny, also known as the Kibaran orogeny 
in southern Africa. The age, configuration and 
detailed evolution of Rodinia is controversial, 
however, and is continuously being revised, as 
is common in the study of continents through 
time. Probably all continental blocks in existence 
at that time (e.g. Amazonia, Baltica, Laurentia, 
Australia, East Antarctica, India and Kalahari) 
were involved in the diachronous assembly of 
Rodinia, featured by the accretion or collision of 
continental blocks around the margin of Lau-
rentia (Goodge et al. 2008, Li et al. 2008). Over-
all, Grenville-age mobile belts are widespread 
and found, for example, in Australia, Canada, 
East Antarctica, southern Africa and south-cen-
tral and eastern North America (Goodge et al. 
2008, Jacobs et al. 2015), mostly on the edges of 
continental nuclei. During its known presence, 
Rodinia experienced plume-induced periods 
of heating and continental rifting, resulting in 
two-stage disintegration: the rifting of west-
ern Laurentia between ca. 0.83 and 0.74 Ga and 
eastern Laurentia at ca. 0.6 Ga (Li et al. 2008). 
This process and associated regional conver-
gence of continental blocks led to the formation 
of Gondwana at ca. 0.53 Ga (Li et al. 2008). In the 
Mesozoic, East and West Gondwana rifted apart 
and the continental margin of western Dronning 
Maud Land, East Antarctica, was formed (e.g. 
Jacobs & Thomas 2004).  
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3 GEOLOGICAL SETTING
The study area is situated in a rifted continen-
tal margin setting. Prior to the Jurassic break-up 
of Gondwana, Vestfjella was located at or in the 
vicinity of the juncture of East Antarctica, Af-
rica, and a collage of microplates (Jacobs et al. 
2008, Jacobs & Thomas 2004). The continental 
fragments relevant to this study are the Archean 
Kalahari and Grunehogna segments of Africa 
and Antarctica (Groenewald et al. 1995, Jacobs 
et al. 2008), and especially the fragments of the 
Mesoproterozoic collisional arc systems: the 
Natal-Maud Belt and presently spatially scat-
tered Falkland and Haag-Ellsworth microplates 
(Jacobs et al. 2008) (Fig. 1). 
Fig. 1. The study area in a Mesozoic Gondwana reconstruction. Modified after Jacobs and Thomas (2004) and 
Grantham et al. (2011). Abbreviations: A, Annandagstoppane nunatak; EH, Ellsworth-Haag microplate; FI, 
Falkland microplate; G, Grunehogna craton; HF, Heimefrontfjella mountain range; I, India; Kalahari, Kalahari 
craton; SL, Sri Lanka; MMT, Mzumbe terrain, Margate terrain and Tugela terrain of the Natal belt; VF, Vestfjella 
mountain range.
3.1 Regional crustal domain of western Dronning Maud Land 
Western Dronning Maud Land on the east coast 
of the Weddell Sea is broadly covered by the East 
Antarctic ice sheet, but some of the bedrock is 
exposed on nunataks, ridges and mountains 
(Fig. 1). Immediately to the north of Vestfjella, 
geophysical data indicate an Archean craton 
boundary as marked by a large-scale magnet-
ic anomaly (Corner 1994, Golynsky 2007) (Fig. 
2). Topographically, the Heimefrontfjella (2800 
masl) and Vestfjella (900 masl) mountain ranges 
are separated by an ice-filled horst-graben sys-
tem with basins at 400 to 1600 m below the ice 
(Sandhäger & Blindow 1997, Popov & Leitchen- 
kov 1997). The exposed Vestfjella, a circa 
120-km-long range of scattered ridges, is com-
posed of the Jurassic Karoo flood basalts, which 
are cross-cut by associated dolerites, gabbros 
and rare granitic dykes (Vuori & Luttinen 2003). 
On a sole ridge on the northern Vestfjella, Per-
mian sandstones are exposed (e.g. McLoughlin 
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et al. 2005). The Heimefrontfjella mountains 
ca. 150 km to the southeast and the Mannefall-
knausane nunataks ca. 50 km to the south of 
Vestfjella provide insights into the unexposed 
basement of Vestfjella (Fig. 2). 
The Precambrian bedrock of western Dron-
ning Maud Land, exposed in the Annandagstop-
pane nunataks, Heimefrontfjella Mountains and 
nunataks south of Vestfjella (Mannefallknaus-
ane) (Fig. 1), registers major regional events re-
lated to the evolution of the supercontinent Ro-
dinia (cf. Bauer 1995, Bauer et al. 2003a, 2003b, 
Rämö et al. 2008, Barton et al. 1987, Marschall 
et al. 2010). Rodinia was mainly built up in the 
ca. 1.1 Ga Grenvillian-Kibaran-Frazer orogeny, 
which produced Andean-type orogens of the 
Superior Province (Canada), the Namaqua-Na-
tal-Maud Belt (southern Africa and East Antarc-
tica) and Albany-Frazer (Australia). At the end 
of the Mesoproterozoic, the diachronous arcs of 
Namaqua-Natal and Maud were spatially con-
nected (Bisnath et al. 2006). The Namaqua-Na-
tal-Maud mobile belt fringes the Archean Kala-
hari-Grunehogna craton, exposed in southern 
Africa and Annandagstoppane, western Dron-
ning Maud Land (Jacobs et al. 2008, Grantham 
et al. 2011, Marschall et al. 2010). The Grune-
hogna segment of the Kalahari craton is covered 
with ice and a ca. 1.1 Ga Ritscherflya sequence 
of sedimentary and volcanic rocks (Groenewald 
et al. 1995, Marschall et al. 2013a) (Fig. 1). The 
Precambrian geochronological results of the 
previous studies are listed later in Table 10. 
The Falkland Islands (Cape Meredith com-
plex) and Ellsworth-Haag Mountains of West 
Antarctica have been correlated with the Nam-
aqua-Natal-Maud Belt rocks formed during the 
1.1 Ga Grenvillian orogeny (Fig. 1) (e.g. Jacobs 
et al. 2003, McCourt et al. 2006). The Neopro-
terozoic East African-Antarctic orogenic com-
pressional tectonic regime, related to the change 
from Rodinia to Gondwana, caused a major 
0.95–0.45 Ga metamorphic overprint (aka. The 
Pan-African event) with the coeval intrusion of 
felsic magmas from magmatic and sedimentary 
sources (Li et al. 2008, Jacobs & Thomas 2004). 
The East Antarctic African orogeny is marked by 
ca. 0.65–0.5 Ga crustal anatexis and amphibolite 
Fig. 2. Geological sketch map of western Dronning Maud Land, Antarctica, modified after Luttinen et al. (2002). 
On Ahlmannryggen, only dykes represent the Jurassic flood basalt magmatism (cf. Riley et al. 2005). The inset 
shows the sampling sites of the xenoliths on Kjakebeinet nunatak, Vestfjella mountain range: Glacial boulders 
(open star) 73° 47.762´ S, 014° 54.452´ W and 73° 47.650´ S, 014° 54.660´ W, lamproite dyke (filled star) 73° 
47.011´ S, 014° 52.397´ W. Heimefrontfjella shear zone (HSZ) after Jacobs et al. (2003).
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to granulite facies metamorphism observed at 
Heimefrontfjella and Kirwanveggen, western 
Dronning Maud Land (Fig. 2), and by ca. 0.5–
0.6 Ga plutonic intrusions and granulite facies 
metamorphism in central Dronning Maud Land 
(Paulsson & Austrheim 2003, Jacobs et al. 1998, 
2003, Jacobs & Thomas 2004, Bisnath et al. 
2006). 
Central Dronning Maud Land has also been 
correlated with the Mozambique Belt, Africa (Fig. 
1), where the metamorphism correlated with the 
East Antarctic African orogeny overprints the 
Mesoproterozoic rocks (e.g. Jacobs 1998, Bis-
nath et al. 2006). The Gondwana assembly was 
accomplished by ca. 0.53 Ga (Li et al. 2008) and 
positioned western Dronning Maud Land within 
the frontier zone of East and West Gondwana. 
During the Jurassic, the Gondwana superconti-
nent rifted. This process was accomplished by 
the extrusion of the Karoo flood basalts at ca. 180 
Ma. This event predated the intrusion of Vest-
fjella lamproites by ca. 20 Ma (Luttinen et al. 
2002). The lamproite magmas transported the 
xenoliths studied in this work to the surface at 
Kjakebeinet, southern Vestfjella (Fig. 2).
3.2 The Kalahari-Grunehogna craton
The Kalahari craton includes the Archean nu-
cleus, referred to as Proto-Kalahari by Jacobs et 
al. (2008), and the surrounding Mesoprotero-
zoic Grenville collisional orogenic belt, of which 
the Namaqua-Natal-Maud mobile belt forms a 
considerable part (Jacobs et al. 2008) (Fig. 1). 
This once continuous fragment of stabilized 
continental crust disintegrated into fragments, 
mainly during the Jurassic. 
The granitic Grunehogna craton basement, 
covered with ice and a ca. 1.1 Ga Ritscherflya 
sequence of sedimentary and volcanic rocks 
(Groenewald et al. 1995, Marschall et al. 2013a, 
2013b), is exposed at Annandagstoppane, west-
ern Dronning Maud Land (Groenewald et al. 
1995) (Figs. 1 & 2). The Annadagstoppane gran-
ite was dated at ca. 3070 Ma by the zircon U-Pb 
method (Marschall et al. 2010). The interiors of 
the Kalahari-Grunehogna craton were intruded 
by mafic sills and dykes at ca. 1110 Ma (Hanson 
et al. 2004, Hanson et al. 1998, Marschall et al. 
2013a, 2013b). These basaltic magmas with in-
tra-continental magma characteristics form the 
Umkondo Large Igneous Province, temporal-
ly simultaneous with the Grenville collisional 
orogeny, which yoked the continental fragments 
into the Rodinia Supercontinent (Hanson et al. 
2004, Jones et al. 2003).
3.3 The Precambrian of the Natal-Maud mobile belt
3.3.1 Heimefrontfjella Mountains and  
Mannefallknausane nunataks
Maud Belt rocks of western Dronning Maud 
Land, the Antarctic extension of the Grenville-
aged Namaqua-Natal Belt of southern Africa, are 
exposed on the Heimefrontfjella mountain range 
and the Mannefallknausane nunataks (Fig. 2). 
The Heimefrontfjella Mountains include diverse 
terrains, separated by tectonic discontinuities, 
with igneous ages between 1180–1050 Ma (Jacobs 
2009). Neoproterozoic, late-orogenic magma-
tism was accompanied by high-grade metamor-
phism between ca. 1090 and 1060 Ma (Jacobs et 
al. 2003). On southwestern Heimefrontfjella the 
Heimefrontfjella shear zone (HSZ) is up to 20 
km wide and comprises of a set of N–S trending 
shear zones (cf. Jacobs et al. 2003). The HSZ rep-
resents a significant lithospheric discontinuity. 
It originated at the western boundary of the East 
African Antarctic orogeny at ca. 1080 Ma and 
re-activated at ca. 500 Ma (Bauer et al. 2003b, 
Jacobs et al. 2003, Jacobs & Thomas 2004, Jacobs 
2009, Bauer et al. 2016). The west side of the HSZ 
is typified by granulite facies metamorphic con-
ditions and 950–1010 Ma mineral cooling ages 
(Jacobs et al. 1995). The HSZ and outcrops to the 
east of it record amphibolite facies assemblages 
and 470–570 Ma mineral cooling ages (Jacobs et 
al. 1995, Bauer et al. 2016).
The oldest igneous age obtained from the 
granulite terrain is 1135 Ma (Arndt et al. 1991), 
and detrital zircon ages of 1200–2000 Ma 
with a significant peak at 1800 Ma have been 
15
Geological Survey of Finland, Bulletin 409
Origin of the concealed continental crust of Vestfjella, western Dronning Maud Land, 
Antarctica – Evidence from xenoliths hosted by Jurassic lamproites
measured from metasedimentary rocks of the 
granulite facies terrane (Vardeklettane; Arndt et 
al. 1991, Jacobs 2009). The amphibolite terrain is 
composed of a supracrustal sequence of meta-
sedimentary rocks (quartzite, metapelite, mar-
ble, paragneiss) intercalated with banded mafic 
and felsic gneisses and intruded by several late 
Mesoproterozoic granitoids. This assemblage 
records intense polyphase deformation and met-
amorphism (Jacobs et al. 2003, Bauer et al. 2016) 
and may have originated in an extensional back-
arc setting (Bauer et al. 2003b). The amphibolite 
facies Kottasberge nunatak (Fig. 2), northeast of 
the granulite terrain, is characterized by inter-
calated sedimentary rocks, calc-alkaline grani-
toids and tonalites. It has been interpreted as a 
fragment of a Mesoproterozoic island arc where 
the ca. 500 Ma Pan-African overprint is restrict-
ed to minor discrete shear zones (Bauer et al. 
2003b). The Mannefallknausane nunataks (Fig. 
2) are dominated by ca. 1070 Ma charnockites 
and K-feldspar megacrystic A-type granites in-
dicative of a granulite facies environment (Arndt 
et al. 1991, Siivola et al. 1991, Rämö et al. 2008).
3.3.2 Umkondo and Ritscherflya supracrustal 
sequences
The ca. 1100 Ma volcano-sedimentary Ritscher-
flya sequence stratigraphically overlies the Ar-
chean Grunehogna craton and is exposed on 
Ahlmannryggen, juxtaposed to the Maud Belt 
rocks (Groenewald et al. 1995, Marschall et al. 
2013a, 2013b) (Figs. 1 & 2). The sedimentary and 
volcanic rocks eroded from an active continental 
arc (Marschall et al. 2013a, 2013b), accumulated 
in a foreland basin (Groenewald et al. 1995), and 
are correlative with the Umkondo sequence of 
Zimbabwe and Mozambique (Hanson et al. 2004, 
Hanson et al. 1998) (Fig. 1). Clastic, immature 
sedimentary rocks include greywackes, arenites, 
siltstones, mudstones, argillites and conglom-
erates. The palaeocurrent directions of fluvial 
sediments indicate derivation from the south-
west (Groenewald et al. 1995). 
The volcanic rocks are basaltic to andesitic la-
vas, also deposited as volcaniclastic rocks, and 
intercalation with sediments has been observed 
(Watters et al. 1991 according to Groenewald et 
al. 1995). Detrital zircons of Ritscherflya show 
a dominant age peak close to the sedimentation 
age at ca. 1130 Ma, and older peaks at 1370 Ma, 
1725 Ma, 1880 Ma, 2050 Ma and 2700 Ma (Mar-
schall et al. 2013b). In addition, 2800–3445 Ma 
zircons, correlative with the Kalahari-Grune-
hogna basement, have been reported (Marschall 
et al. 2013a, 2013b). The volcano-sedimentary 
sequence was intruded by mafic to ultramafic, 
basaltic sills at ca. 1100 Ma, as indicated by the 
results of detrital zircon U-Pb studies combined 
with Rb-Sr / Sm-Nd whole-rock data by Mar-
schall et al. (2013b) and Moyes et al. (1998). On 
the basis of the tholeiitic composition and pal-
aeomagnetic data on the sills, a correlation with 
the Mesoproterozoic Umkondo igneous province 
was proposed by Hanson et al. (2004).  
3.3.3 Mzumbe, Margate and Tugela accretionary 
terrains
The Grenvillian Natal Belt, the African continu-
ation of the Maud Bbelt, is bounded in the north 
by the Kaapvaal craton. Metavolcanic gneisses, 
paragneisses, granitoid gneisses and younger 
intrusive rocks such as megacrystic granitoids, 
charnockites and mafic to ultramafic plutonites 
of the Natal Bbelt have been divided, from south 
to north, into the Margate, Mzumbe and Tugela 
terranes (e.g. Thomas et al. 1993, Jacobs et al. 
1993, Eglington 2006) (Fig. 1). The Margate ter-
rane is characterised by granulite-facies rocks, 
as well as A-type and S-type granitoids and or-
tho- and paragneisses (Eglington 2006, Jacobs et 
al. 1993, Thomas et al. 1993). The lithostratigra-
phy of the underlying Mzumbe terrane is broadly 
similar, but it also includes mafic intrusions and 
granulite facies assemblages within the amphi-
bolite facies basement orthogneisses (Thomas 
& Eglington 1990, Mendonidis et al. 2009). The 
Tugela terrane is characterised by paragneisses 
and mafic metavolcanic rocks with amphibo-
lite facies metamorphic assemblages, mafic to 
ultramafic plutonites and minor orthogneiss-
es (Mendonidis et al. 2009, Eglington 2006, 
Jacobs et al. 1993, Thomas et al. 1993, Thomas & 
Eglington 1990). 
The oldest inherited zircon of the Natal Belt 
has been dated at ca. 1800 Ma from the Portobel-
lo granite, Margate terrane (Mendonidis & Arm-
strong 2009). The igneous and meta-igneous 
rocks of the Natal Belt have igneous ages in the 
1235 to 1025 Ma range (McCourt et al. 2006), and 
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they have been interpreted as arc-related, juve-
nile crust (e.g. McCourt et al. 2006, Jacobs et al. 
1993, Thomas & Eglington 1990). The megacrys-
tic A-type granitoids and related charnockites of 
the Margate terrain, indicating post-accretion 
extension within the Natal Belt, were intruded at 
ca. 1030–1070 Ma (Eglington et al. 2003, McCourt 
et al. 2006). The Mzumbe terrain pegmatites 
and calc-silicate rocks indicate a thermal or 
hydration event at ca. 900 Ma (based on K-Ar 
muscovite) and re-heating at ca. 530 Ma (based 
on titanite fission track analyses), respectively 
(Jacobs & Thomas 1996).
3.4 Falkland and Ellsworth-Haag microplates 
The present Falkland Islands of the South Atlan-
tic Ocean and the crustal block comprising the 
Ellsworth-Whitmore Mountains and the Haag 
Nunataks of West Antarctica have been interpret-
ed as small fragments of Precambrian continen-
tal landmasses, referred to as micro-continents. 
The West Falkland Islands (Cape Meredith com-
plex) and Ellsworth-Whitmore-Haag mountains 
represent exposures of the Falkland microplate 
(FI) and Ellsworth-Haag microplate (EH), re-
spectively (Jacobs & Thomas 2004), which were 
juxtaposed to the Natal Belt and East Antarctica 
in the Mesoproterozoic (Fig. 1). 
3.4.1 Falkland microplate
The crystalline basement of the West Falkland 
Islands represents the Falkland microplate (Fig. 
1). The exposure along a 5-km-long coastal strip 
on Cape Meredith is comprised of Mesoprote-
rozoic mafic and silicic metavolcanic gneisses 
intruded by granitoid orthogneisses. The si-
licic metavolcanic rocks of the complex have 
been dated at ca. 1120 Ma by zircon U-Pb and 
the associated mafic gneisses at ca. 1000 Ma by 
amphibole Ar-Ar. The metavolcanic rocks were 
presumably generated in an island arc setting 
and contain inherited zircon cores of ca. 1135 Ma 
(Jacobs et al. 1999). Cross-cutting intrusions of 
syn- to post-tectonic granodiorite and granite 
range in age from 1090 Ma to ca. 1000 Ma. The 
regional amphibolite facies metamorphism was 
dated to between ca. 1090 and 1070 Ma (Jacobs et 
al. 1999). The comparison of post-tectonic zir-
con crystallization ages and amphibole cooling 
ages indicates rapid cooling (Jacobs et al. 1999). 
Additionally, no evidence for Pan-African over-
printing was observed by Jacobs et al. (1999). 
The Mesoproterozoic gneisses were intruded 
by lamprophyre dykes and sheets at ca. 520 Ma 
dated by K-Ar on biotite (Thomas et al. 1998). 
Nd model ages of 870 Ma and 930 Ma for picritic 
basalts that cross-cut the lamprophyres were 
also reported by Thomas et al. (1998). The 520 
Ma West Falkland lamprophyres may indicate 
localised intracontinental extension of the Falk-
land microplate, possibly in the vicinity of the 
Natal-Maud Belt.
3.4.2 Ellsworth-Haag microplate
The Ellsworth-Whitmore Mountains and the 
Haag Nunataks of West Antarctica are repre-
sentative of the Ellsworth-Haag microplate. The 
scattered exposures delineated by the Whitmore 
Mountains in the south, the ca. 400-km-long 
Ellsworth Mountain range in the middle and the 
Haag Nunataks in northwest represent an area of 
ca. 125 000 km2 (cf. Storey & Dalziel 1987). Aero-
geophysical data and geological comparisons in-
dicate that the Ellsworth-Whitmore Mountains 
and the Haag nunataks form part of an extensive 
continental fragment (the Ellsworth-Whitmore 
Mountains crustal block), one of the main crus-
tal blocks of West Antarctica (e.g. Grunow et 
al. 1987, Curtis & Storey 1996, Leat et al. 2018). 
This sub-fragment, known as the Ellsworth-
Haag microplate, probably resided at the junc-
ture of Africa and Antarctica prior to the breakup 
of Gondwana (Dalziel & Grunow 1992, Curtis & 
Storey 1996, Randall & Niocaill 2004, Jacobs et 
al. 2008) (Fig. 1). The Whitmore Mountains are 
dominated by Jurassic granitic intrusive rocks 
having within-plate magma characteristics 
(Vennum & Storey 1987b, Craddock et al. 2017). 
In addition, a 0.5–1.0 Ga isotopic signature 
and indications of crustal and juvenile magma 
sources of the granites were reported by Crad-
dock et al. (2017).
The Ellsworth Mountain range is dominated 
by Paleozoic, deformed sedimentary rocks of 
marine and terrestrial origin such as sandstones, 
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argillites, marbles, conglomerates, quartzites, 
black shales and volcanoclastic sediments (Sto-
rey & Dalziel 1986, Curtis et al. 1999, Randall & 
Niocaill 2004). Conformable rift-related, Cam-
brian metavolcanic rocks crop out near the base 
of the Paleozoic succession (Curtis et al. 1999, 
Leat et al. 2018). The Paleozoic succession hosts 
volcanic rocks of basaltic, basaltic andesite, 
andesitic, rhyolitic and shoshonitic composition 
and is intruded by basaltic, granitic and lampro-
phyric dykes, and Jurassic granite plutons (Ven-
num & Storey 1987a, Vennum & Storey 1987b, 
Millar & Pankhurst 1987, Curtis et al. 1999). The 
basaltic lavas and dykes bear a dominant OIB-
type and less commonly a MORB-type geo-
chemical signature (Curtis et al. 1999).
The Late Mesoproterozoic basement is ex-
posed in the Haag Nunataks of the Ellsworth-
Whitmore Mountains crustal block (e.g. Millar 
& Pankhurst 1987, Curtis & Storey 1996) (Fig. 1). 
The three 50–100-m exposures are composed 
of foliated calc-alkaline granodioritic gneisses, 
probably representing a magmatic island arc 
complex (Millar & Pankhurst 1987, Grantham et 
al. 1997). The granodioritic gneiss, dated at 1176 
± 76 Ma, is intruded by granites dated at 1058 
± 53 and 1003 ± 18 Ma by the whole-rock Rb-Sr 
method (Millar & Pankhurst 1987). K-Ar biotite 
and hornblende of the granodioritic gneiss record 
an age of 991–1031 Ma, interpreted as a mini-
mum age for amphibolite facies metamorphism 
in the Haag Nunataks (Millar & Pankhurst 1987).
4 XENOLITHS
4.1 Challenges in xenolith research
Xenoliths are foreign rock fragments in a mag-
matic rock and may be carried to the Earth’s sur-
face by rapidly ascending, often mantle-derived 
magmas (Rudnick & Fountain 1995). Generally, 
xenolithic samples are divided in two groups: ac-
cidental xenoliths derived from the crust or the 
mantle, entrained into passing host magma, and 
cognate xenoliths (autoliths), which represent 
cumulates crystallized from the host magma or 
a related magmatic component. In the context 
of the magma dynamics and rock mechanical 
properties of the levels of the lithosphere tra-
versed, xenolith samples are not statistically 
representative of the whole lithosphere they 
passed through. The representativeness of the 
samples in terms of, for instance, middle crust, 
formation or intrusion is also questionable due 
to the accidental nature of the sampling process. 
Tracking of the xenolith provenance crustal lev-
el, especially for amphibolite facies xenoliths, is 
a challenging and sometimes impossible task, as 
the xenolith samples may represent any crustal 
level that their host magma transected (Rudnick 
& Gao 2004). Through detailed mineralogical 
study, if suitable mineral pairs are present in the 
sample material, the equilibration temperature 
and pressure of the rock may be traced and the 
depth of origin within the crust may accordingly 
be estimated. 
Depending on the compositional difference 
between the xenolith and host rock, together 
with the consequent difference in the respec-
tive melting temperatures, partial melting, and 
dehydration or complete dissolution of the xe-
nolithic material may occur (e.g. Tsuchiyama 
1986). Additional modifications related to mag-
matic transport include infiltration of the host 
magma and associated fluids along cracks and 
intergrain boundaries in the xenolith. Chemi-
cal alteration caused by fluids, also known as 
metasomatism, results in the crystallization of 
metasomatic minerals (modal metasomatism) 
or changes in whole-rock or mineral chemis-
try (cryptic metasomatism). In addition to the 
metasomatic influence of the host magma, de-
compression (by tectonic uplift or polybaric 
transport of host magma) may modify the tex-
ture and mineralogy of xenoliths. Decompres-
sion-induced changes include the development 
of microcracks, partial melting of the miner-
als along grain boundaries and the formation 
of kelyphite rims (rims of dark-coloured, very 
fine <1 µm material) on garnets (Rudnick 1992). 
Xenoliths hosted by kimberlite pipes often show 
the development of greenschist facies assem-
blages due to hydrothermal alteration (Rudnick 
1992). 
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4.2 Relevance of xenolith studies
Compositionally heterogeneous xenolith suites 
provide unique direct information on the re-
gional lithosphere of their study areas (e.g. 
Selverstone et al. 1999). Commonly, xenoliths 
are samples provided by magmatic rocks and are 
otherwise impossible to reach. The rapid ascent 
of, for example, alkaline basalt, lamproite and 
kimberlite magma makes it possible that even 
samples from the mantle, hydrated samples or 
felsic samples with a lower melting temperature 
relative to the host may be preserved instead of 
undergoing complete dilution in the host magma 
(e.g. Rudnick 1992, Tsuchiyama 1986). In addi-
tion, weathering, retrograde metamorphosis and 
alteration effects in xenolithic samples may be 
modest relative to the effects occurring over in 
hundreds of millions of years in the Earth’s at-
mosphere and hydrosphere. The best preserved 
and also the least altered, distal xenoliths have 
been reported in alkali basaltic hosts (e.g. Rud-
nick 1992). Xenoliths carried by relatively young 
(>1 to ca. 140 Ma) alkali basalts of non-cratonic 
areas such as Phanerozoic fold belts and rifts are 
dominated by mafic compositions, probably be-
cause they occur in areas of long-term and re-
cent basaltic magmatism (Rudnick 1992).
Lamproite, lamprophyre, kimberlite and mi-
nette magmas, by comparison, generally erupt 
through stable continental regions (Rudnick 
1992) and may therefore provide samples of 
markedly older and more complex origins. Me-
ta-igneous lower crustal and mantle-derived 
xenoliths have long been of scientific interest 
because of the inaccessibility of the source area, 
its importance regarding the evolution of the 
Earth and economic interests, e.g. diamond ex-
ploration. Felsic, evolved and meta-sedimentary 
xenoliths, in contrast, have been less attrac-
tive. This is probably due to general ambivalence 
hampering the interpretations of such samples, 
e.g. the possibility of chemical imbalance within 
the rock, the lack of mineral assemblages suit-
able for precise P-T determinations that would 
enable tracing of their depth of origin, and the 
less evident economic advantage of the time-
consuming studies. Consequently, xenolith 
studies have been more rewarding in the inves-
tigation of the mantle and the granulite facies 
lower crust. Studies on the middle and upper 
crust have concentrated on exposed crustal sec-
tions, as the lithological control of the samples 
reduces the uncertainty (Rudnick & Gao 2004). 
5 MATERIALS
5.1 Samples 
The FINNARP 1997 and 2002 expeditions col-
lected xenolith samples from Jurassic, mica-rich 
dykes and boulders on the nunatak of Kjakebei-
net, southern Vestfjella (Mr Arto Luttinen and 
Mr Saku Vuori, pers. comm. 2005). The xenolith 
suites were hosted by glacial boulders of mica-
rich ultrapotassic rock, later in this study re-
ferred as lamproite (73° 47.762´ W, 014° 54.452´ 
W), and a ca. 160 Ma lamproite dyke examined 
on outcrop (73° 47.011´ S, 014° 52.397´ W) (Romu 
et al. 2008, Luttinen et al. 2002) (Fig. 2). Alto-
gether, 27 xenolith samples, of which 24 were 
photographed (Fig. 3), were investigated for this 
thesis. The xenoliths were rounded, 3–40 cm 
in diameter, and the contacts towards the host 
were usually sharp. Some xenoliths displayed 
re-crystallized or molten rims. The boulders 
hosted a heterogeneous suite of xenoliths domi-
nated by large (up to 40 cm in diameter) felsic 
samples. Smaller (4–10 cm in diameter), mafic 
xenoliths were less abundant. Small (1–4 cm), 
rounded but often nebulous felsic nodules, rep-
resenting partially disintegrated xenoliths and 
macrocrysts of clinopyroxene and magnetite, 
and composite nodules of clinopyroxene, mag-
netite and apatite (<2 cm) were also observed. 
Three adjacent, narrow (<1.0 m) lamproite dykes 
were found to host predominantly small (3–10 
cm wide), round, mafic xenoliths (Table 1). These 
xenolith suites also hosted cognate xenoliths, a 
phlogopitic autolith (P3) and a carbonatitic au-
tolith (Xe15) (Fig. 3) (Romu 2006, unpublished 
M.Sc. thesis), but these were excluded from this 
study.
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Fig. 3. The xenolith samples. Scale in centimetres. Xenoliths hosted by a lamproite dyke: (A) graphitic metashale 
sample P1; (B) metagabbronorite sample P2; (C) phlogopitite autolith sample P3; (D) garnet-free metagab-
bro sample P4; (E) metapelite sample P5; (F) metagabbronorite sample P6; (G, H) garnet-bearing metagabbro 
samples P7 and sample P8. Xenoliths hosted by mica-rich boulders: (I, L, Q) metatonalite samples Xe1, Xe4 and 
Xe9; (J, K, M) mylonitic metagranite samples Xe2, Xe3, Xe5 and Xe12; (N, O, P, T) gneissic metagranite samples 
Xe6, Xe7 and Xe8; (R) quartz metadiorite sample Xe10; (S) garnet-free metagabbro sample Xe11; (U) metapelite 
sample Xe13; (V) metagreywacke sample Xe14; (W) carbonatitic autolith sample Xe15; (X) garnet-bearing meta-
gabbro sample Xe16.
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Fig. 3. Cont.
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5.2 Representativeness of the samples
Vestfjella is a ca. 120-km-long range of scat-
tered ridges located at the rifted margin of west-
ern Dronning Maud Land. The exposed ridges of 
Vestfjella are composed of Jurassic flood basalts 
cross-cut by temporally associated intrusive 
rock types such as dolerites, gabbros and gra-
nitic dykes. The lamproite dykes of Kjakebeinet 
were dated at ca. 160 Ma (Luttinen et al. 2002) 
and represent one of the latest magmatic phas-
es on Vestfjella (Fig. 2). Proterozoic crystalline 
basement is found 80–150 km further inland at 
Mannefallknausane and Heimefrontfjella. The 
examined xenoliths are considered to mainly 
represent Precambrian basement beneath the 
basalts and continental ice. It is likely that the 
host lamproite intruded rapidly and along nearly 
vertical conduits, and the samples may therefore 
actually provide a cross-section of the conti-
nental lithosphere beneath Vestfjella. However, 
the xenolith suites may not represent different 
crustal levels equally, and samples of certain 
depths may be overrepresented (cf. Chapter 4). 
The practical limitations of sample collection 
(hammer only) may also have caused some bias, 
e.g. relative to the xenolith suites from mined 
kimberlite and lamproite occurrences. As a re-
sult, estimates of the abundance of certain rock 
types of the unexposed Vestfjella lithosphere are 
avoided. However, the studied xenoliths were 
generally well preserved and notably unweath-
ered, probably due to extraction by recent glacial 
erosion and the prevailing dry and cold climate 
of East Antarctica.
6 ANALYTICAL METHODS
The 27 xenolith samples from Vestfjella lam-
proites selected for this study were analysed for 
their petrography and mineralogy. The mineral 
chemistry, whole-rock major and trace-element 
geochemistry, U-Pb geochronology and Sm-
Nd and Rb-Sr isotope geochemistry of a subset 
of samples (Table 1) was analysed as described 
below.
6.1 Petrography
Standard petrographic methods, optical trans-
mitted light microscopy, reflected light micros-
copy and point counting were combined with 
the microprobe energy dispersive method and 
backscattered electron imaging to determine the 
mineralogy and petrography of the samples. The 
modal mineralogy of the meta-igneous samples 
only was determined by point counting, as the 
nomenclature of the igneous rocks may also be 
solely based on the modal mineral abundances 
(Streckeisen 1974). Due to alteration and met-
amorphism, alkaline feldspar and plagioclase 
were not always reliably distinguished from 
each other by optical microscopy, however (see 
chapter 6). The author photographed the thin 
sections at the Geological Survey of Finland, 
Kuopio. 
6.2 Mineral chemistry 
Semi-quantitative microprobe analyses of min-
erals were performed using the energy disper-
sive technique and a JEOL JXA-8600 instru-
ment at the Department of Geology, University 
of Helsinki, in 2004 and 2005. Analyses were 
performed with an accelerating voltage of 15 
kV, a beam current of 1 nA and a beam diameter 
of 1 μm. Co was employed as the standard. The 
analytical results were corrected using the ZAF 
procedure (Sweatman & Long 1969). The detec-
tion limit for major elements was ca. 1 wt% (Mr 
Ragnar Törnroos, pers. comm. 2006). Quantita-
tive electron microprobe analyses of minerals 
were performed using the wavelength dispersive 
technique and a Cameca SX100 instrument at the 
Geological Survey of Finland, Espoo, in 2009. 
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Data were obtained with an accelerating voltage 
of 15 kV, a beam current of 20 nA and a beam 
diameter of 5 μm. A subset of garnet and rutile, 
mounted in epoxy, was analysed with an accel-
erating voltage of 15 kV, a beam current of 30 nA 
and a beam diameter of 3 μm. Natural miner-
als and metals were employed as standards. The 
analytical results were corrected using the PAP 
on-line correction program (Pouchou & Pichoir 
1986). 
Feldspar molar compositions were calculated 
on the basis of 32 oxygen atoms and 12 cations. 
The molar proportions of CaAl2Si2O8 (An), 
NaAlSi3O8 (Ab) and KAlSi3O8 (Or) were cal-
culated by normalizing the composition to 
Ca+Na+K = 100.
Pyroxene molar compositions were calcu-
lated on the basis of 6 oxygen atoms and 4 
cations (M2M1T2O6). The molar proportions of 
Mg2Si2O6 (En), Ca2Si2O6 (Wo) and Fe2Si2O6 (Fs) 
were calculated according to Morimoto et al. 
(1989), the composition being normalized to 
Ca+Mg+ΣFe = 100 with ΣFe = Fe2++Fe3++Mn2+.
Garnet molar compositions were calculated on 
the basis of 24 oxygen atoms and 16 cations (X3Y2 
Si3O12). The molar proportions of Fe3Al2Si3O12 
(Alm), Ca3Al2Si3O12 (Grs), Mg3Al2Si3O12 (Prp) and 
Mn3Al2Si3O12 (Sps) were calculated by normal-
izing the composition to Ca+ΣFe+Mg+Mn = 100 
where ΣFe = total Fe of the microanalysis.
Amphibole molar compositions were calcu-
lated on the basis of 23 oxygen atoms and 16 
cations (AB2CVI5TIV8O22(OH)2) and classified after 
the IMA recommendation of Leake et al. (1997) 
(Preston & Still 2001). Fe2+/Fe3+ was determined 
after Droop (1987), while the total Fe content 
was measured by microprobe analysis (Preston 
& Still 2001).
6.3 Whole-rock geochemistry 
XRF and ICP-MS analyses were performed at 
the Peter Hooper GeoAnalytical Lab, Washing-
ton State University, USA (later the GeoAnalyti-
cal Lab), in 2007. For XRF results, the detection 
limit for major element oxides was <1 wt% and 
for trace elements <1 ppm (Washington State 
University 2015a). For ICP-MS results, the long-
term precision of the method was typically bet-
ter than 5% (RSD) for the REEs (Sc, Y, La, Ce, Pr, 
Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu) and 
10% for Ba, Th, Nb, Hf, Ta, U, Pb, Rb, Cs, Sr, Zr, 
Ti, K and P (Washington State University 2015b).
Technical notes and the principles of these 
methods have been presented by Johnson et al. 
(1999) and Knaack et al. (1994), respectively. For 
whole-rock chemical analyses, xenolith material 
was extracted from the samples using a diamond 
saw and the cut surfaces were cleaned with wa-
ter and fine sand paper to avoid blade-induced 
contamination. All samples were crushed in a 
steel jaw crusher and a 100–300-g aliquot of the 
freshest chips was handpicked and washed in an 
ultrasound bath of distilled water to avoid con-
tamination from the host rock, weathered sur-
faces and preparation equipment. Subsequently, 
50–100 g of each sample was ground in a Fe-Ni 
mill, homogenized, and c. 50 g aliquot was re-
ground in a hardened steel mill. The crushing 
and milling were performed at the University of 
Helsinki, Finland, in 2007, and final re-grinding 
at the GeoAnalytical Lab.  
6.4 U-Pb geochronology 
Because of the small size of the sample material, 
only single-crystal U-Pb geochronology, SIMS 
and SHRIMP were used. For secondary ion mass 
spectrometry (SIMS) analysis, the selected sam-
ples were separated using conventional separa-
tion techniques (magnetic separation, heavy liq-
uids and hand picking). A representative set of 
zircon crystals was selected under a microscope 
and mounted in epoxy, polished and gold coated. 
Prior to analysis, cathodoluminescence images 
(CL) and backscattering electron images (BEI) of 
sectioned zircon crystals were obtained in order 
to identify suitable zircon populations. The ion 
microprobe analyses were performed using the 
Cameca IMS 1270 (2008) and IMS 1280 (2009) 
secondary ion mass spectrometer of the NORD-
SIM laboratory at the Swedish Museum of Nat-
ural History, Stockholm. The spot diameter for 
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the ca. 4.5 nA primary O2ˉ ion beam was ca. 25 
µm, and oxygen flooding in the sample chamber 
was used to increase the production of Pb+ ions. 
Three or four counting blocks (depending on the 
secondary ion signal intensity), each including 
four cycles of the Zr, Hf, Pb, Th and U species 
of interest, were measured from each spot. The 
mass resolution (M/D M) was 5300 (10%). The 
data were calibrated against a zircon standard 
(91500; Wiedenbeck et al. 1995) and corrected 
for modern common Pb (T = 0; Stacey & Kram-
ers 1975). Decay constant errors were ignored. 
The procedure was essentially similar to that 
described in detail by Whitehouse et al. (1999) 
and Whitehouse and Kamber (2005). The fitting 
of the discordia lines and calculation of the in-
tercept and concordia ages were carried out us-
ing the Isoplot/Ex 3.00 program (Ludwig 2003). 
In the concordia diagrams, all error ellipses are 
plotted at 2σ level. Unless otherwise indicated, 
the calculated age errors are at the 2σ level. 
For sensitive high-resolution ion microprobe 
(SHRIMP) analysis, zircons were separated us-
ing conventional separation techniques (Wil-
fley table, magnetic separation, heavy liquids 
and hand picking). Prior to analysis, cathodo-
luminescence images (CL) of sectioned zir-
con crystals were obtained in order to identify 
suitable zircon populations. The analyses were 
carried out using SHRIMP II at the Research 
School of Earth Sciences, The Australian Na-
tional University, Canberra, Australia. SHRIMP 
analytical methods follow those presented by 
Williams (1998) and references therein. The 
analyses consist of six scans through the mass 
range using a spot size of ca. 20 µm diameter. 
The U/Pb ratios were calibrated relative to the 
1099 Ma Duluth Gabbro reference zircons (see 
Paces & Miller 1993) and the data were reduced 
using the SQUID Excel Macro of Ludwig (2000). 
Common Pb was corrected using the measured 
204Pb/206Pb ratio following Tera and Wasserburg 
(1972) as described by Compston et al. (1992). 
Uncertainties in the measured ratios are given at 
the 1σ level. Weighted mean age uncertainties, 
however, are given at the 2σ confidence level 
(plots and calculation using IsoPlot/Ex software; 
Ludwig 1999, 2003). 
6.5 Sm-Nd and Rb-Sr isotope geochemistry 
The samples Xe11 and Xe16 were ground in a Fe-
Ni mill. Material for mineral concentrates was 
sieved to fractions of <0.075 mm, 0.125–0.250 
mm, 0.250–0.5 mm and >0.5 mm. Minerals 
were separated using a hand magnet, a Franz 
isomagnetic separator, heavy liquids and, final-
ly, by hand picking at the University of Helsinki 
in 2005. The isotopic analyses were performed 
in the Unit for Isotope Geology, Geological Sur-
vey of Finland, in 2005. The mineral separates 
were washed with dilute HNO3 (apatite in dilute 
HCl) in an ultrasonic bath. The samples were 
dissolved in Teflon vials in a 1:4 mixture of HNO3 
and HF for several hours. After evaporation, the 
samples were dissolved in HCl and a clear solu-
tion was spiked with 149Sm-150Nd and 87Rb-84Sr 
tracers. Rubidium, strontium and light rare earth 
elements were separated using standard cation 
exchange chromatography, after which Sm and 
Nd were purified on quartz columns (Richard et 
al. 1976). 
Isotopic ratios and concentrations of Sm, 
Nd, and Sr were measured on a VG Sector 54 
mass spectrometer (those of Nd and Sr in 
dynamic mode) at the Geological Survey of 
Finland, Espoo. Isotopic measurements on Rb 
were performed using a noncommercial Nier-
type mass spectrometer built at the Geologi-
cal Survey of Finland. Repeated analyses of the 
La Jolla Nd standard gave a 143Nd/144Nd ratio of 
0.511847 ± 0.000008 (standardization during 
the sample Xe11 apatite and whole-rock analy-
sis) and 0.511849 ± 0.000008 (mean and ex-
ternal 2s error of nine measurements) (stand-
ardization during the sample Xe11 plagioclase 
and sample Xe16 clinopyroxene, plagioclase and 
whole-rock analysis). The external error of the 
reported 143Nd/144Nd ratios was estimated to 
be better than 0.0025%. Repeated analyses of 
the NBS987 Sr standard gave a 87Sr/86Sr ratio 
of 0.710268 ± 0.000020 (mean and external 2σ 
error of eleven measurements). The 87Sr/86Sr 
ratios were reported relative to 87Sr/86Sr 0.71024 
of NBS987, and the external error was estimat-
ed to be better than 0.002%. Sm-Nd and Rb-Sr 
isochrons were calculated with IsoPlot/Ex soft-
ware (Ludwig 2003).
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7 PETROGRAPHY AND MINERALOGY
The petrography and mineralogy of the 27 stud-
ied xenoliths, representing 12 different rock 
types (Table 1), are described here. An overview 
of the petrography of the representative sam-
ples is presented in Figure 4. The petrography 
and texture of the boundaries between the xe-
noliths and host dyke are indicated in Figure 5. 
The internal grain boundary characteristics of 
the studied xenoliths are presented in Figure 6. 
The xenolith samples comprise three main cat-
egories: metagabbroic and quartz metadioritic 
samples (n = 11), metagranitoid samples (n = 11) 
and metasedimentary samples (n = 5) (Table 
1). Modal-based (Table 2) classification of rock 
types for the metaigneous samples is present-
ed in Figure 7. The SEM-EDS semi-quantita-
tive mineral chemical data are based on Romu 
(2006 unpublished M.Sc. thesis) (Appendix 1). 
Quantitative mineral chemical analyses (EMP 
study) were collected for samples predicted 
to be suitable for thermobarometric estimates 
(ALKBM1-98, ALKBM6-98, KR-07-13X, P4, 
Xe11 and Xe16) (Appendix 2).
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Table 2. Modal proportions (vol.%) of minerals in the meta-igneous xenolith samples.
Sample 
ID
P2 P6 P4 P7 P8 Xe11.1 Xe11.2 Xe16 Xe10 ALKB 
M1-98
P3 Xe15.1 Xe15.2
Mineral Metagabbros and quartz metadiorites Autoliths
Qtz 22.4 – – – – – – – 13.6 29.3 2.1 – –
Pl 64.5 48.8 – 50.3 25.8 – 17.9 26.9 64.8 58.6 – – –
Kfs – – – – – – – – – – 3.2 17.3 –
Afs – – – – – – – – – – – – –
Bi – 5.1 10.2 – – 2.7 – – – – 82.3 2.2 9.3
Cpx 1.3 23.8 55.7 15 42.7 47.8 34.6 38.4 18.3 4.9 4.7 – 23.7
Opx 10.7 – – – – – – – x – – – –
Prg – – 24.6 10.4 – 38.2 46.4 0.1 – – – – –
Grt – – – 17.2* 9.9* – – 21.8* – – – 25.5 7.9
Carb – – 1.3 1.5 4.5 0.7 0.5 1 – – 5.5 52.1 52.3
Am – – – – – – – – – – 0.8 – –
Ap 0.4 0.4 0.3 1.3 1.7 0.3 0 3.6 – – 0.5 1.5 0.9
Brt – – – – – – – – – – – 1.3 –
Chl – – – 1.1 – – – 0.6 – – – – –
Opq 0.7 4.1 6.3 3.2 15.4 10.3 0.6 7.6 3.3 – – – 5.9
Psm – 17.8 1.6 – – – – – – 7.2 – – –
Rt – – – – – – – – – – 0.9 0.1 –
Tot vol.% 100 100 100 100 100 100 100 100 100 100 100 100 100
M´ 13.1 50.8 98.4 46.9 68 99 81.6 68.5 21.6 12.1 88.7 29.1 46.8
Sample 
ID
Xe1 Xe4 Xe9 Xe2 Xe3 Xe5 Xe12 Xe6 Xe7 Xe8 ALKB  
M6-98
Mineral Metatonalites Mylonitic metagranites Gneissic metagranites Metagranite
Qtz 23.5 21.4 26.5 24.8 25.1 33.8 23.2 35.9 36.5 38.8 18.7
Pl 55.5 54.1 43.2 nd nd nd nd nd nd nd nd
Kfs nd nd nd 63.6 63.6 48 59.4 61.9 50.2 51 nd
Afs nd nd nd nd nd nd nd nd nd nd 72.5
Bi – – – – – – – – – – –
Cpx – – – – – – – – – – 8.5
Opx – – – – – – – – – – –
Prg – – – – – – – – – – –
Grt – x 1.2 – – – – – – – –
Carb x x x x x 0.9 x x x x x
Am – – – – – – – – – – –
Ap 0.6 0.1 0.6 x x 0.1 x x x x x
Brt – – – – – – – – – – –
Chl x x x – – 1.2 – – – – –
Opq 2.3 0.9 4.6 – – – – – – – 0.3
Psm 2.5 0.4 0 – – – – – – – –
Rt – – 0.6 – – – – – – – –
Na-sil – – 9.8 11.6 – – – – – – –
Gb/fi-
brous Kfs
15.6 23.1 13.5 – 11.3 16 17.4/ 
16.9
2.2 13.3/ 
12.5
10.2/  10 –
Tot vol.% 100 100 100 100 100 100 100 100 100 100 100
M´ 5.4 1.4 16.8 11.6 0 0.1 0 0 0 0 8.8
Mineral abbreviations after Kretz (1983), carb, carbonate; psm, pseudomorphs; Na-sil, sodium silicate; Gb/fibrous Kfs, grain  
boundary material Kfs±Carb ±Rt±Psm/ vol.% fibrous K-feldspar on grain boundaries; x mineral observed < 0.1 vol%;  
Grt* fresh garnet and kelyphite; M´ Color index.
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Fig. 4. A–H. Representative photomicrographs of the xenolith samples. (A) P2 metagabbronorite (xpl), felsic 
leucosome on the left and mafic melanosome on the right; (B) P6 metagabbronorite (xpl) is rich in cpx and 
seritized plagioclase; (C) Xe11 (ppl) garnet-free metagabbro includes substantial amounts of prg rich in oxide 
inclusions and vermicular cpx - feldspar symplectite; (D) Xe16 garnet-bearing metagabbro (xpl) is typified by 
kelyphite formed around grt, and reacted mineral boundaries of cpx and pl. This texture may indicate decom-
pression-induced melting; (E) ALKBM1-98 and (F) KR-07-13X quartz metadiorites (ppl) show lobate grain 
boundaries, seritized plagioclase and kelyphite formed around grt and replaced grt; (G) Xe4 metatonalite (ppl,) 
includes minor grt associated with partially molten grain boundaries; (H) qtz of sample Xe4 (xpl) is strongly 
undulous and subgrains of qtz have been formed. Mineral abbreviations after Kretz (1983).
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Fig. 4. I–P. Representative photomicrographs of the xenolith samples. (I) ALKBM6-98 metagranite (ppl) is 
equigranular and notably undeformed relative to the other metagranite samples; (J) Xe6 gneissic meta-
granite (xpl) is leucocratic and dominantly medium-grained; (K,L) Xe2 and Xe3 mylonitic metagranites 
(ppl) show well-developed ribbon-augen textures; (M, N) Xe13 metapelite (ppl) is dominated by angular 
qtz clasts and spl-altered alm-grt; (O) P5 metapelite (ppl) shows a high-T assemblage Kfs+Rt+Al2SiO5 (Sil); 
(P) Xe14 metagreywacke (ppl) is typified by subangular qtz clasts in a matrix of alkali silicate, feldspar minerals
and gr. Mineral abbreviations after Kretz (1983).
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Fig. 5. Petrography of the contact boundary between the xenolith and phlogopite-rich host lamproite. (A, B)
Sample KR-07-13X quartz metadioritic nodule (ppl) shows a partially molten boundary with quenched kfs-cb 
minerals adjacent to the phl-rich hosting lamproite dyke. (C) Sample P8 garnetiferous metagabbro (ppl) shows 
a sharp contact towards the phl-rich lamproite. (D) Sample P8 does not show signs of modal metasomatism or 
recrystallization adjacent to the host lamproite. Mica and Mag on the left of the picture are related to lamproite-
melt propagation along a crack. Mineral abbreviations after Kretz (1983).
Xenolith Re-crystallised
boundary of the xenolith
Lamproite
dykePl
Qtz
Microcrystalline
        Mt
Phl
Kfs + Carb
B
A
4 mm
Carb
Kfs
B
1 mm
C
4 mm
D
Cpx
Dyke
D
0.5 mm
Lamproite dyke
Cpx
Pl
Mt Phl
Phl
Xenolith
Fig. 4. Q–R. (Q) P1 graphitic metashale (ppl) includes qtz+cb veins; (R) P9 metasandstone (ppl) is typified by 
polygonal plagioclase, marking recrystallization of the rock. Mineral abbreviations after Kretz (1983); xpl, cross-
polarized light; ppl, plane polarized light.
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Fig. 6. Petrography of the internal grain boundaries within the xenoliths. (A) Metatonalite Xe1 is characterized 
by seritized plagioclase (Pl) and fibrous potassium feldspar (Kfs) + calcite (Cc) ± rutile (Rt) at grain boundaries 
between the quartz (Qtz) and Pl (ppl). (B) Metatonalite Xe4 is similar to Xe1, although accessory amounts of 
almandine-pyrope garnet (Alm) are found along the partially molten grain boundaries rich in fibrous Kfs (xpl). 
(C) Quench crystals of quartz and feldspar at grain boundary between Kfs and Kfs in gneissic metagranite Xe6 
xenolith (xpl). (D) Close-up photo of fibrous Kfs, Cc and Rt within gneissic metagranite xenolith Xe7 (xpl). (E) 
Metagabbro P4 (ppl) and (F) metagabbro Xe11 (ppl) are typified by vermicular clinopyroxene (Cpx) - feldspar 
symplectite and pargasitic hornblende (Prg), which is rich in micron-scale oxide inclusions. (E) The Prg within 
xenolith P4 is often rimmed by retrograde phlogopite-mica (Phl), optically clear and inclusion-free, relatively 
Ti-rich Prg, and magnetite (Mag) (ppl). (F) Close-up photo of retrograde Mag, Phl and calcite (Cal) at the grain 
boundary between the Prg and vermicular Cpx - feldspar symplectite, xenolith Xe11 (ppl). Mineral abbreviations 
after Kretz (1983).
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Fig. 7. Mineral mode based QAPF classification of 
the meta-igneous xenoliths (Streckeisen 1974). 
The fields are representative of igneous rocks 
and are for reference only, as the mineralogy 
of the samples has been modified by metamor-
phic and possibly by magmatic processes. Mod-
al proportions of quartz (Q), alkali feldspar (A), 
plagioclase (P) and foid minerals (F), as identified 
by optical microscopy and point counting, were 
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Fig. 8. The feldspar composition of the xenoliths. (A) Metagabbroic and quartz metadioritic xenoliths; (B) meta-
granitoid xenoliths; (C) metasedimentary xenoliths. Quantitative analyses (Q, red symbols) and semiquanti-
tative analyses (S, black symbols). The An-Ab-Or diagram was produced after Smith (1974). 1 = anorthite; 
2 = bytownite; 3 = labradorite; 4 = andesine; 5 = oligoclase; 6 = albite; 7 = anorthoclase; 8 = K- Na feldspar; 
9 = K-rich feldspar.
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Fig. 9. The pyroxene composition of the xenoliths. (A) Clinopyroxene and orthopyroxene of metagabbroic and 
quartz metadioritic xenoliths. (B) Clinopyroxene of garnet-bearing metagabbros. Quantitative analyses (Q, red 
symbols) and semi-quantitative analyses (S, black symbols). (C) Clinopyroxene and orthopyroxene of meta-
gabbronorites, semi-quantitative analyses. (D) Augite of equigranular metagranite ALKBM6-98, quantitative 
analyses. Pyroxene classification after Morimoto et al. (1989).
35
Geological Survey of Finland, Bulletin 409
Origin of the concealed continental crust of Vestfjella, western Dronning Maud Land, 
Antarctica – Evidence from xenoliths hosted by Jurassic lamproites
Fig. 10. The Ca-amphibole of the metagabbroic xenoliths. (A) Amphibole was classified after Leake et al. (1997). 
(B) Amphibole composition in terms of molar Si and Ti in the formula unit (based on 23 oxygen atoms). The 
highest Ti was observed in the amphibole overgrowth over amphibole. Quantitative analyses (Q, red symbols) 
and semi-quantitative analyses (S, black symbols).
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Fig. 11. The garnet composition of the metagabbroic, metapelitic and metatonalitic xenoliths. Ca (Mn+Fe2+) and 
Mg in the formula unit (based on 24 oxygen atoms). Quantitative analyses (Q, red symbols) and semi-quanti-
tative analyses (S, black symbols). As a reference, average values for the garnet composition from amphibolites 
(1), from charnockites and granulites (2) and from eclogites occurring in gneissic or migmatite terrain (3) are 
given (Tröger 1959, cited in Coleman et al. 1965) (modified after Coleman et al. 1965).
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7.1 Metagabbroids and quartz metadiorites.
Eight samples (ALKBM8, P2, P4, P6, P7, P8, Xe11 
and Xe16) were classified as metagabbroids and 
three samples as quartz metadiorites (ALKBM1, 
KR-07-13X and Xe10) (Tables 1 and 2, Fig. 7). 
All the samples show a granoblastic texture and 
frequently exhibit modal banding. The metagab-
broids and quartz metadiorites represent three 
main types: metagabbro, metagabbronorite and 
quartz metadiorite. The plagioclase composition 
of the metagabbroids is illustrated in Figure 
8A, pyroxene in Figures 9A-C and amphibole in 
Figure 10.
7.1.1 Metagabbros
Samples P4, P7, P8, Xe11 and Xe16 (Figs. 3D, G, 
H, X; 4C, D; 5E, F; Table 2) are medium to coarse 
grained and composed of clinopyroxene (Figs. 
9A, B) ± pargasitic hornblende (Fig. 10) ± plagi-
oclase (Fig. 8A) ± garnet. The inferred metamor-
phic grade for these xenoliths is granulite facies. 
The samples are typified by retrograde clinopy-
roxene-plagioclase symplectite. When garnet is 
present, it shows distinctive dark kelyphitic rims 
(Fig. 4D). The grain boundaries of the miner-
als are retrograde and often include fine <1 mm 
carbonate, magnetite ± mica (Figs. 6E, F). 
Samples P7, P8 and Xe16 are characterized 
by kelyphitic alteration of garnet. The xenoliths 
mainly consist of plagioclase [An4-20 Ab59-94 Or1-
38] (26–50 vol.%), augite [Wo35-49En32-43Fs14-27 
Ac0-6] (Mg# 55-78) (15-43 vol.%), garnet (10–22 
vol.%), magnetite-ulvöspinel (8–15 vol.%) and 
pargasitic hornblende (Mg# 56-58) (1–10 wt.%). 
Apatite (<4 vol.%), pyrite, rutile, Na-pyroxene, 
Na-amphibole, Ti- and Ba-rich phlogopite and 
calcite are minor and accessory phases. Augite 
has symplectic contacts against plagioclase and 
garnet. Garnet is mainly altered to dark kelyph-
ite; small relics of almandine-pyrope garnet 
(Alm48-49Gro15-17Prp33-34Sp1.6-2.1) were observed. 
The kelyphite consists of fine <1 μm magnetite- 
silicate material. The average composition 
corresponds to almandine in water-free bulk 
composition, as described by Romu (2006) 
(unpublished M.Sc. Thesis).  
Samples P4 and Xe11 exhibit modal and 
textural banding (Table 2). Sample P4 is 
composed of relatively coarse (up to ca. 4 mm) 
magnesian (Mg# 72–79) diopside-augite 
[Wo43-46En37-41Fs11-18 Ac2-4] (56 vol.%) and par-
gasitic hornblende (Mg# 64-65) (35 vol.%) with 
fine (<<1 mm) Fe-Ti-Al-spinel and magnetite 
(6 vol.%) along hornblende rims. Clinopyroxene 
is symplectic with potassium-bearing plagio-
clase [An13 Ab77 Or10], occasionally altered to clay 
(Mr Lassi Pakkanen, pers. comm. 2009). Brown 
pargasitic hornblende  (Figs. 6E, F; 10) encloses 
a disseminated fine opaque mineral, probably 
magnetite. Accessory annite-phlogopite is found 
on the grain boundaries of amphibole and clino-
pyroxene and occasionally as inclusions of am-
phibole (Fig. 6F). Sample Xe11 shows banding of 
ultramafic (M´ = 99) and mafic (M´ = 81.6) min-
eral layers (Table 2). The ultramafic part is quite 
similar to P4, but plagioclase is absent, and the 
texture is comparatively more even grained. The 
mafic part of sample Xe11 is composed of brown 
pargasitic hornblende (Mg# 43-45) (46 vol.%), 
symplectitic diopside [Wo35-57En25-35Fs16-26Ac0-5] 
(Mg# 55–73; 35 vol.%), potassium-bearing pla-
gioclase [An3.5-23Ab71-95 Or0-10] (18 vol.%) and mi-
nor Ti-magnetite, calcite and apatite. Plagioclase 
has lobate grain boundaries with diopside, occurs 
as round inclusions in the mafic minerals, and 
has Na-enriched rims against hornblende. Brown 
hornblende shows staining of fine-grained 
opaque oxide and has overgrowths of relatively 
Ti-enriched and K-depleted pargasite with oxide 
exsolutions. Annite–phlogopite is found between 
plagioclase and clinopyroxene (Fig. 6F).
7.1.2 Metagabbronorites
Samples P2 and P6 are medium-grained and 
mainly composed of plagioclase (49–65 vol.%) 
(Fig. 8 A) + clinopyroxene (1–24 vol.%) 
(Fig. 9 C) ± ortho pyroxene (0–11 vol.%). Talc-
magnetite pseudo-morphs in sample P6 have 
been interpreted as pseudomorphed ortho-
pyroxene while classifying these samples. Al-
ternatively, the pseudo morphs may be after oli-
vine. The inferred metamorphic grade for these 
xenoliths is from upper amphibolite to granulite 
facies (Tables 1 and 2). 
Sample P6 is composed of plagioclase 
[An54-69 Ab26-42 Or4-9] (49 vol.%), augite 
[Wo53-54En26-29Fs18-22] (Mg# 55-62) (24 vol.%) 
and pseudomorphs comprised of talc and 
magnetite (18 vol.%). Minor and accessory phases 
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include brown hornblende (5 vol.%), magnetite 
(4 vol.%), apatite (0.4 vol.%), biotite and zircon. 
Sample P-2 contains two distinctive parts, maf-
ic and felsic (Fig. 3B). The studied thin section 
included a narrow mafic band but was domi-
nantly felsic (M´ = 13.1). Resulting mineral mode 
was zoned plagioclase [An21-100 Ab0-76 Or0-6] 
(65 vol.%), elongated orthopyroxene 
[Wo1-2En52-56Fs42-45] (Mg # 54-57) (11 vol.%), 
magnesian augite [Wo44-45En39Fs16-17] (Mg# 70-
72) (1 vol.%) and veinlets of strongly deformed 
quartz (22 vol. %). Thin mafic bands of orthopy-
roxene (weakly altered to chlorite and quartz) 
and quartz veinlets result in a weakly foliated 
texture. Accessory phases include magnetite 
(0.7 vol.%), apatite (0.4 vol.%), biotite, chlorite, 
carbonate and zircon. The felsic part, probably 
a cross-cutting leucosome vein, is composed of 
calcic plagioclase [An21-100], strongly altered K-
feldspar and quartz with lobate grain boundaries. 
7.1.3 Quartz metadiorites
Samples Xe10 and ALKBM1-98 are medium 
grained and granoblastic. The inferred meta-
morphic grade for these xenoliths is granulite 
facies. Sample ALKBM1-98 shows compositional 
banding: Mafic minerals comprise distinctive 
1–10-mm-thick bands, which were interpreted 
as igneous layering (Fig. 4F). The samples are 
composed of plagioclase [An25-56 Ab42-70 Or1-4] 
(59–65 vol.%) (Fig. 8A), Mg-rich (Mg# 57–67) 
augite [Wo35-38En34-38Fs19-26 Ac4-6] (5–18 vol.%) 
(Fig. 9A) and weakly deformed quartz (14–
29 vol.%). Pseudomorphs (3–7 vol.%) com-
prised of dark, fine-grained (<1 μm) mate-
rial, possibly after garnet, enclose plagioclase 
[An33-46 Ab52-64 Or1-3] and orthopyroxene [En70] 
(Mg# 71-73). Accessory phases include ilmenite, 
magnetite, zircon and rutile. Augite has narrow 
clinopyroxene-plagioclase [An51 Ab45 Or4] sym-
plectic coronae. Sample KR-07-13X is a small 
felsic, quartz dioritic xenolith referred as a 
nodule. The sample is granoblastic, medium 
grained and modally layered. Plagioclase [An24 
Ab64 Or13] (Fig. 8A) is albite twinned, quartz 
shows undulose extinction, and minor silliman-
ite is fibrous. Fresh garnet (Alm45Gro16Prp34Sp5) 
shows brown kelyphitic rims. Potassium feldspar 
[An0.2 Ab1.8Or98] is probably secondary and 
apatite and rutile are the minor phases.
7.2 Metagranitoids
Eleven samples (Xe1, Xe2, Xe3, Xe4, Xe5, Xe6, 
Xe7, Xe8, Xe9, Xe12 and ALKBM6-98) can be 
classified as metagranitoids. The metagranitoids 
represent four main types: metatonalites, me-
tagranites, gneissic metagranites and mylonitic 
metagranites. The metatonalites and gneissic 
metagranites exhibit microscopically observ-
able traces of probably decompression-induced 
partial melting, which was followed by relatively 
rapid crystallization of fibrous K-feldspar ± cal-
cite ± rutile at grain boundaries (Figs. 6A–D). 
The mylonitic and intensively deformed augen-
ribbon texture of the mylonitic metagranites 
hampers the above-mentioned interpretations 
(Figs. 4K, L). Metagranite xenolith ALKBM6 is 
notably homogeneous and even grained (Fig. 
4I). The feldspar compositions of the samples 
are shown in Figure 8B.
7.2.1 Metatonalites
Samples Xe1, Xe4 and Xe9 are medium grained 
(Figs. 3I, L, Q), and show inequigranular, 
weakly-foliated or granoblastic textures (Figs. 
4G, H). All the samples show moderate to strong 
alteration of plagioclase and partially molten 
grain boundaries, rich in fibrous potassium 
feldspar.
Samples Xe1 and Xe4 may be also re-
ferred to as leucotonalites or trondhjemites. 
The samples consist of polygonal plagioclase 
[An2-35 Ab68-95 Or3-3] (57–60%), strongly de-
formed, lenticular polycrystalline quartz (29–
32%), accessory magnetite, pyrite, apatite, 
hematite, chlorite, carbonate and zircon ± mi-
nor garnet. Garnet is relatively almandine rich 
(Alm55-56Gro16-20Prp14-18Sps10-11). Fibrous potas-
sium feldspar (Ab0-11Or79-100) is found along the 
grain boundaries. Sample Xe9 resembles sam-
ples Xe1 and Xe4, but quartz is relatively unde-
formed and apatite, rutile, alkali silicate and Ti-
magnetite make up irregular, dark bands. Garnet 
is almandine rich (Alm55Gro20Prp15Sp10) and 
identical to the garnet in samples Xe1 and Xe4. 
In addition to fibrous potassium feldspar, alkali 
silicate mineral is found along grain boundaries. 
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7.2.2 Equigranular metagranite
Sample ALKBM6-98 is fine grained and equi-
granular, and notably un-deformed relative to 
the other samples (Fig. 4I). The grain bounda-
ries are clear and free of fibrous potassium feld-
spar or other indications of decompressional 
partial melting. The major phases are anortho-
clase (72.5 vol.%) (Fig. 8B), quartz (18.7 vol.%) 
and augite [Wo36-37En26-27Fs29-31 Ac7] (Mg# 45-
49) (8.5 vol.%) (Fig. 9D). Anorthoclase shows 
cross-hatch twinning and perthitic exsolutions. 
Quartz is slightly undulose. Augite is clear and 
unaltered and slightly Na bearing “acmitic” 
(ca. 2 wt% Na2O). Accessory minerals are sub-
hedral, albite-twinned plagioclase, anhedral 
apatite, rutile, zircon, ilmenite and pyrite. The 
opaque phases comprise 0.3 vol.% of the mode. 
Ilmenite contains minor amounts of vanadinium 
(0.3 wt% V2O3), manganese (1.0 wt% MnO) and 
magnesium (1.0 wt% MgO).
7.2.3 Gneissic metagranites
Samples Xe6, Xe7 and Xe8 represent gneiss-
ic metagranites. These xenoliths are medium 
to coarse grained and leucocratic gneiss-
ic rocks (Figs. 3N-P). They mainly consist of 
coarse-grained (>5 mm) potassium feldspar 
[Ab3-33Or67-97] (50–62 vol.%), quartz (36–39 
vol.%) and minor plagioclase [An2-15 Ab83-97 Or1-6] 
(only identified by scanning electron micros-
copy) (Table 2). Large, optically uniform potas-
sium feldspar crystals are divided into subgrains 
by recrystallized zones (Fig. 4J). Veins of weakly 
deformed quartz and <1 mm polygonal-sutured 
quartz and feldspar make up the matrix between 
deformed crystals. Accessory phases include ap-
atite, magnetite, chlorite, muscovite, carbonate 
and zircon. Fibrous potassium feldspar occurs 
along grain boundaries (2–13 vol.%).
7.2.3. Mylonitic metagranites
Samples Xe2, Xe3, Xe5 and Xe12 represent mylo-
nitic metagranites (Figs. 3J, K, M, T). These 
xenoliths have a macroscopic augen texture 
and mainly consist of (<2 cm) cross-hatched 
potassium feldspar augen and thin bands of 
chlorite, epidote and/or amphibole. Potas-
sium feldspar augen are set within a matrix of 
quartz veins typified by ribbon-quartz texture 
(Figs. 4K, L). Polygonal feldspar is strongly al-
tered. The feldspar includes matrix plagioclase 
[An5-30 Ab65-77 Or4-27] (only identified by scan-
ning electron microscopy) and potassium feld-
spar [Ab15-52Or58-85] (total of 48–64 vol.%). 
Quartz (total of 23–34 vol.%) is frequently 
mantled with very fine-grained acicular alkali 
silicate mineral (total of 0–12 vol.%), possi-
bly aegirine-augite, which is also found within 
quartz as inclusions. Other minor and accessory 
phases include chlorite (0–1 vol.%), apatite (≤0.1 
vol.%), carbonate minerals (≤1 vol.%), magnet-
ite and zircon. Fibrous potassium feldspar is 
found along grain boundaries (0–17 vol.%).
7.3 Metasedimentary rock types
Five samples (P1, P5, P9, Xe13 and Xe14) are of 
sedimentary origin on the basis of their petrog-
raphy and mineralogy. This is a heterogene-
ous group of xenoliths: Two samples represent 
metapelitic compositions and re-crystallisation 
in granulite facies, and three samples are rocks 
of lower metamorphic grade. 
7.3.1 Metapelites
Samples P5 and Xe13 are migmatitic and their 
texture indicates partial melting and brittle de-
formation after the (re)crystallization of quartz 
and potassium feldspar (Figs. 3E, U). The sam-
ples have a high-pressure mineral assemblage 
of kyanite, rutile, K-feldspar, hercynitic spinel ± 
garnet ± orthopyroxene, distinctive for metape-
litic granulites. 
Sample P5 is granoblastic. The main phases 
are undulose and microfractured quartz, undu-
lose orthopyroxene and anhedral kyanite, which 
occasionally show undulose extinction. Kyanite 
is slightly rounded in shape. Orthopyroxene 
[En37-51] (Mg# 37-53) (only identified by scan-
ning electron microscopy) coexists with dark 
green, hercynitic spinel forming coronae around 
clots of 1–3 mm in diameter, probably former 
garnet (Fig. 4O). Spinel, rutile, magnetite, il-
menite and metamictic rounded zircon are the 
accessory minerals. Orthoclase of fibrous habit 
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is abundant all over the rock, and the texture 
implies alteration and brittle deformation. Ti-
magnetite has reaction boundaries with kyanite 
and fibrous orthoclase. Indications of decom-
posed garnet are present: a completely altered 
clot is rimmed by iron-rich chlorite and the core 
consists of magnetite, spinel and aluminium 
silicate. The dyke host has probably strongly af-
fected this sample; euhedral potassium feldspar, 
fibrous sodium pyroxene, carbonate and pyrite 
occur near the dyke contact. Carbonate is dolo-
mitic in composition. Sample Xe13 is brecciated 
and strongly infiltrated by secondary carbonate. 
Garnet porphyroblasts (Alm65Gro10Prp25) with 
lobate grain boundaries are largely replaced by 
Fe-rich chlorite + magnetite + spinel + Al-sil-
icate. Undulose quartz and anhedral, relatively 
fresh potassium feldspar has broken into clasts. 
Rutile is rounded. The rounded shape and undu-
lose extinction of kyanite indicate deformation 
(Figs. 4M, N).
7.3.2 Other metasedimentary xenoliths
Sample P1 is fine-grained, graphitic shale. It 
has a strong fabric and is mainly comprised of 
graphite and quartz (Fig. 3A). Polygonal albite 
has crystallized between the graphite layers. A 
veinlet of polycrystalline quartz shows undu-
lose extinction and contains very fine-grained 
graphite dust (Fig. 4Q). Sample P9 is granoblastic 
metasandstone (Fig. 4R). Relatively large aggre-
gates of weakly deformed quartz (ca. 30 vol.%), 
with lobate grain boundaries, and sparse pla-
gioclase porphyroblasts are set in fine-grained 
matrix (ca. 70 vol.%) dominated by polygonal 
plagioclase [An5-24]. Accessory phases include 
jadeite, Ti-magnetite, amphibole, and monazite. 
Sample Xe14 (Fig. 3V) is fine-grained, matrix-
dominated metagreywacke. Well-rounded, 
corroded, undulose, possibly originally volcanic 
quartz is present (Fig. 4P). In a hand specimen, 
grading caused by quartz crystals was observed. 
Granoblastic albite is also present. Accesso-
ry minerals are epidote, barite, apatite, chlo-
rite, magnetite, dolomite and zeolite. There are 
minor volcanic rock fragments, which contain 
fine-grained simple-twinned feldspar. Brown-
ish-green to olive green pleochroic sodium py-
roxene, slightly altered to chlorite, is observed 
next to the dyke contact. 
7.4 Rutile in quartz metadiorite and equigranular granite xenoliths
The rutile concentrates were side products of 
heavy mineral separation of zircon in quartz 
metadiorite (ALKBM1-98) and equigranular 
metagranite (ALKBM6-98) samples. Altogether, 
37 spots of 21 rutile crystals were analysed. The 
analyses revealed variable Zr and Nb concentra-
tions (1260–3350 ppm, <38600 ppm, respective-
ly), low Cr (<830 ppm) and fairly constant V2O3 
(0.7–0.9 wt%) (Table 4). The rutile concentrates 
from quartz metadiorite ALKBM1-98 (fraction 
a) and equigranular metagranite ALKBM6-98 
(fractions b and c) include a) amber-coloured, 
V- and Fe-bearing rutile (n = 7), b) black, V-, 
Fe- and Nb-bearing rutile (n = 8) and c) amber-
coloured, Nb- and Fe-rich rutile (n = 6). 
Rutile in sample ALKBM1-98 is composition-
ally relatively uniform and homogeneous. It 
shows fairly low Nb (<3050 ppm) and high Zr 
(2464–3030 ppm). Instead, the rutile is more 
heterogeneous and notably Nb rich (17 700–
38 600 ppm) in ALKBM6-98. In ALKBM6-98, 
there are three chemically distinctive groups 
of rutile: A single crystal (b1) is distinguished 
by extremely high Zr (3351–4110 ppm). Two 
crystals (b2) are typified by high Zr (1234– 
1486 ppm) combined with relatively low Nb 
(1234–1744 ppm), whereas the remaining 7 crys-
tals (c) exhibit exceptionally high Nb (17 730–
38 641 ppm), variably high Zr (1256–2829 ppm) 
and high FeO (1.3–2.1 wt.%).
The low Cr combined with a low Nb concen-
tration observed in quartz metadioritic rutile is 
characteristic of rutile derived from metapelitic 
metamorphic rocks (Zack et al. 2004b, Triebold 
et al. 2007). The high Zr contents of the quartz 
metadioritic and metagranitic rutile are both in-
dicative of a high equilibration temperature of 
the rutile (Zack et al. 2004a) (Table 4).
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7.5 Petrographic peculiarities and indications of melting of the studied xenoliths
The studied metagranitoid and metagabbroic 
xenoliths show microscopic textural evidence of 
partial melting and recrystallization (Figs. 5, 6). 
On a macroscopic scale, the xenoliths are not like 
classic migmatitic rocks. The textures or miner-
alogy cannot be explained by a straightforward 
simple model of, for example, H2O-fluid satu-
rated gabbro, granite or tonalite partial melt-
ing. In outcrops at western Heimefrontfjella and 
further at Natal belt felsic plutonic rocks record 
signs of partial melting and charnockitisation 
(cf. Bauer et al. 2009, Mendonidis et al. 2015). 
Based on the mineral chemistry of the xeno-
liths and the host lamproite, one of the agents 
affecting them agents was probably a K-en-
riched fluid. The middle to lower crustal granu-
lite terrains are thought to dominantly represent 
water-deficient environments, but periods of 
fluid activity may have occurred. For dehydra-
tion melting, potassium feldspar films covering 
quartz, plagioclase, and biotite were described 
by Rajesh et al. (2011). For the leucocratic meta-
tonalite and gneissic metagranite xenoliths, the 
presence of interstitial fibrous K-feldspar + eu-
hedral calcite ± rutile on grain boundaries be-
tween plagioclase-quartz, K-feldspar-quartz, 
and quartz-quartz (Fig. 6) is probably due to 
disequilibrium dehydration melting in the pres-
ence of H2O-CO2 fluid followed by quench crys-
tallization. The lack of mafic minerals indicates 
that the fluid source was most probably pre-
dominantly external, as dehydration melting of 
biotite would have led to the stabilization of, for 
example, peritectic orthopyroxene (Clemens & 
Droop 1998). The presence of interstitial fibrous 
K-feldspar is not solely defined in ultrapotas-
sic-dyke-hosted xenoliths, as a similar texture 
was observed by the author in tonalitic xeno-
liths hosted by boulders of basaltic composition. 
Therefore, the presence of fibrous K-feldspar 
probably relates to the protolith composition, 
melting and subsequent rapid crystallization, 
rather than the type of host rock. The traces of 
melting observed may have originated in situ 
in bedrock prior to xenolith entrainment into 
magma, during the ascent, or even during the 
cooling of the host. It is, however, speculative 
whether the leucocracy of the metatonalite and 
metagranite gneiss xenoliths is a feature in-
duced by primary or later dehydration melting. 
In some studies, leucocratic granitoids have been 
reported to occur by fault zones where the fluid 
activity is higher relative to the regions where 
rock formations are solid and less fractured. 
7.6 Data evaluation and interpretation
7.6.1 QAPF classification
Secondary, low-grade mineral assemblages 
were absent from the studied xenoliths. There 
is no evidence of low-grade hydrothermal over-
printing of any of the samples, and the xenoliths 
predominantly represent high-grade metamor-
phosed rock types. To distinguish the protolith 
of metaigneous rock types, the samples were 
grouped according to the modal composition of 
minerals (Table 2 and Fig. 7). In point counting, 
minerals resulting from partial melting were 
counted separately, and the amount of fibrous 
potassium feldspar was not used in the deter-
mination of the protolith rock type. The strongly 
oriented mylonitic texture probably increased 
the systematic error within the respective point 
counting results. The identification of minor 
plagioclase from alkaline feldspar in gneissic 
and mylonitic metagranite samples by optical 
microscopy was obscure. This result is demon-
strated by the clustering of these samples in the 
alkali-feldspar granite field of Figure 7. The ul-
tramafic mineralogy of the metagabbroic sam-
ples may have resulted from the original igneous 
mineral layering or metamorphic redistribution 
of the mineral phases (Table 2). This was pro-
nounced in sample Xe11, in which two thin sec-
tions were studied, one of a plagioclase-free part 
(Xe11.1) and the other of a plagioclase-rich part 
(Xe11.2) (Table 2). Also, as the plagioclase chem-
istry of the metagabbroic samples systematically 
shows a low (<50 wt%) anorthite content (Ta-
ble 1, Fig. 8), classification diagrams used for 
unaltered gabbros and ultramafic rocks were 
not used, and the generalizing term ‘metagab-
bro’ was adopted. Later, the results of modal 
mineralogy-based rock type classification are 
dissected with classification schemes based on 
geochemical data and discussed.
43
Geological Survey of Finland, Bulletin 409
Origin of the concealed continental crust of Vestfjella, western Dronning Maud Land, 
Antarctica – Evidence from xenoliths hosted by Jurassic lamproites
7.6.2 Mineral microanalyses
Quantitative microanalyses were only avail-
able for a subset of the samples. The samples 
for which mineral chemistry was quantitatively 
studied included mafic minerals to provide P-T 
estimates. Most xenoliths showed textural dis-
equilibrium, which hampers their use in P-T 
determinations. Most of the feldspar analyses 
(Fig. 8) were semi-quantitative. Evaluation of 
the available semi-quantitative and quantita-
tive mineral chemical data is presented in Fig-
ures 8–11. However, as the data are scattered 
and no parallel analyses of precisely the same 
analysis spots are available, the semi-quantita-
tive data need to be considered descriptive and 
interpreted with some caution. The results of 
the SEM analyses were normalised to 100 wt%, 
which also has a small effect, as minor elements 
and water are then neglected. As discussed be-
low, semi-quantitative analyses can be used in 
the classification of the mineral species and to 
exemplify the petrological differences between 
the samples and rock types. 
The clinopyroxene analyses with a higher 
Ca2Si2O6 (Wo) component are semi-quantitative 
analyses from homogeneous clinopyroxene for 
sample P6 and completely symplectic clino-
pyroxene for sample Xe11 (Fig. 9). Samples P6 
and Xe11 were analysed in different sessions in 
2005 and 2004, respectively. No quantitative 
EMP mineral data are available for the metagab-
bronorite sample P6. The Ti content of clino-
pyroxene is similar in the samples (1–2 wt% 
and 1.5 wt%, respectively), however. The semi-
quantitative analyses of P6 clinopyroxene (n = 4, 
2 areas) show an Al content of 2–3 wt% Al2O3 
and a Ti content ca. 1 wt% TiO2, and Na was not 
detected. In metagabbro sample Xe11, the semi-
quantitative analyses revealed no Na, while the 
quantitative analyses indicated ca. 1 wt% Na2O. 
The accuracy of the semi-quantitative analyses 
has been estimated to range from 1–2 wt%. Due 
to the cobalt standardization used and the sen-
sitivity of the EDS sensor, the heavier elements 
show better accuracy than the lighter elements, 
such as Na. The quantitative analyses of sample 
Xe11 indicate considerable compositional vari-
ation in Al, and slight variation in Fe, Ca and 
Na within one clinopyroxene crystal (i.e. sym-
plectic aggregate comprised of clinopyroxene, 
plagioclase and clay minerals), for example, 
4.9–7.3 wt% Al2O3, 8.5–9.3 wt% FeO, 21.2– 
22.3 wt% CaO and 0.8–1.3 wt% Na2O. The Al 
contents from the semi-quantitative analyses 
are on average lower (mainly 3–4 wt% Al2O3) 
than those from the quantitative analyses (5– 
7 wt% Al2O3). The number of semi-quantitative 
analyses was higher (n = 10, from different crys-
tals), and they represent a more extensive area (6 
areas) than the quantitative dataset (n = 11 from 
3 crystals, 2 areas). Accordingly, the composi-
tional anomaly shown by the semi-quantitative 
clinopyroxene analyses (Fig. 9) probably indi-
cates slight Ca enrichment of clinopyroxene (i.e. 
excess Ca2+ relative to the Fe2+ and Mg2+ cations 
on site M2) rather than analytical error alone 
(cf. Morimoto 1988).  
The garnet of garnet metagabbro Xe16 was 
analysed both semi-quantitatively and quan-
titatively (Fig. 11). In terms of the major cati-
ons Ca, Fe, Mn and Mg, the semi-quantitative 
analysis also correlated well with the quantita-
tive analysis. Accordingly, the use of the semi-
quantitative garnet analysis is acceptable for 
robust P-T estimates of the xenoliths (indicated 
with the presented P-T estimates if used). On 
the basis of the semi-quantitative and quanti-
tative microanalysis of the brown Ca-amphibole 
of the mafic metagabbroic samples, the amphi-
bole is pargasitic in composition (Fig. 10). The 
quantitative microanalysis implies relatively 
high Ti, Na and K (2–3 wt% TiO2, 2.5–4 wt% 
Na2O, 1–2 wt% K2O). The amphibole overgrowth 
of sample Xe11 displayed the highest amphibole 
Ti analysed (Fig. 10B) and was higher in Ti (4– 
5 wt% TiO2) relative to the major amphibole rich 
in oxide inclusions. The range of compositions 
implies both natural compositional variation 
and analytical error of the semi-quantitative 
analysis. As predicted, due to the normalization 
to 100 wt%, the SEM data for the water-bearing 
minerals in general are less accurate than for the 
water-free minerals. 
Overall, the semi-quantitative analyses in this 
work were used here for robust petrological pur-
poses, e.g. to characterize the samples. Crucial 
information on the petrography and homogene-
ity of the samples was also obtained using BSE 
imaging. Accordingly, quantitative analyses were 
primarily used in thermobarometric modelling.
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8 GEOCHEMISTRY
Geochemical whole-rock data for the host lam-
proites and the xenolith samples representative 
of their rock type are listed in Table 5. Nine xe-
nolith samples (IDs P1–P9) were not processed 
for geochemical analysis because they were so 
small (<0.1 dm3). Due to textural heterogeneity, 
two subsamples from the samples ALKBM1-98 
(modal layering) and Xe14 (clasts) were ana-
lysed. The small size, metamorphism and possi-
ble contamination with host-derived magmatic 
fluids hamper the interpretation of the xenolith 
whole-rock data and fluid-mobile incompat-
ible element data in particular (cf. Chapter 4). 
Accordingly, detailed interpretation of possibly 
preserved primary igneous features would be 
rather speculative. Also, the whole-rock data 
alone cannot be used to interpret the petroge-
netic relationships, as the tectonic setting of the 
xenoliths is unknown and metamorphic modifi-
cation of the whole-rock geochemistry has oc-
curred (cf. Wilson 1989). The figures presented 
are descriptive and interpretations indicative of 
the origins of the xenoliths.
8.1 The studied Kjakebeinet xenoliths and their hosts
The studied Kjakebeinet xenoliths are hosted by 
Jurassic ultramafic, ultrapotassic and incom-
patible trace element-enriched dyke rocks, re-
ferred to as lamproites by Luttinen et al. (2002). 
These are phlogopite-rich, and their primary 
carbonate-bearing mineralogy implies the pres-
ence of H2O and CO2 in the magma (Romu et al. 
2008). On average, the hosts are high in potas-
sium (ca. 5.3 wt% K2O) and show strong enrich-
ment in incompatible elements, e.g. Ba (3596 
ppm), Sr (2697 ppm), La (254 ppm) and Zr (937 
ppm), and LREE such as Ce (482 ppm) and Nd 
(211 ppm) (Table 5). The chemistry of the lam-
proite host (ALKB1-25-03, red symbols) and the 
representative xenolith samples (black symbols) 
are presented side by side in Figures 12 and 13. 
All of the samples may show metamorphic and 
metasomatic modification from their primary 
geochemical composition.
The whole-rock major and trace element 
compositions of the xenoliths primarily reflect 
the mineralogical mode of the samples (Chapter 
7). The dataset (Table 5, Figs. 12 and 13) shows 
that there is no clustering of the xenolith com-
positions around the lamproite-host composi-
tion. This indicates that sample preparation was 
successful in that the analysed material did not 
contain substantial amounts of the host mag-
ma. This is also consistent with the finding that 
the interiors of the xenolith samples appeared, 
while processing the crushed rock, to be devoid 
of the host magma. The potassium content of 
the gneissic and mylonitic metagranites is un-
likely to have been affected by the host-derived 
fluids, as the K2O concentration of these samples 
is higher than ca. 6 wt% in the host-lamproite 
sample ALKB1-25-03. The low TiO2, FeO and MgO 
concentrations of intermediate-silicic samples 
(Figs. 12A, C, D), together with relatively high A/
CNK (molar Al2O3/CaO+Na2O+K2O) (Fig. 12J), re-
flect a low amount of mafic minerals. The P2O5 
of the xenoliths is constantly low (<0.4 wt%), 
except for metapelite Xe13 (0.7 wt%) and met-
agabbro Xe16 (0.9 wt%) (Fig. 12H), indicative of 
the amount of phosphate minerals. The variable 
LOI values (0.8–3.0) (Table 5) of the mica and 
amphibole-free silicic samples, however, indi-
cate that secondary carbonate is present in the 
metatonalites and some of the gneissic meta-
granites. Host-derived mineral chemical cryptic 
metasomatosis (cf. Chapter 4) is, however, pos-
sible for all xenolith samples, although it can-
not be reliably determined from the whole-rock 
compositions. The critical major elements for 
host-derived contamination, solely on the basis 
of the major element composition of the stud-
ied samples, are titanium, magnesium, calcium 
and phosphorus for all samples and potassium 
for the metagabbroids, -diorites, -tonalites and 
equigranular metagranite (Fig. 12G), as the con-
centration of the mentioned elements is higher 
in the host lamproite than in the xenoliths.  
Potassium is a fluid-mobile large-ion litho-
phile element, which was probably a major 
constituent of lamproite-derived fluids. Ac-
cordingly, the trace element composition of 
the xenoliths and the host were plotted against 
their K2O concentration (Fig. 13). The presented 
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Origin of the concealed continental crust of Vestfjella, western Dronning Maud Land, 
Antarctica – Evidence from xenoliths hosted by Jurassic lamproites
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trace element contents of the host are uniformly 
higher than in the xenoliths (apart from the ru-
bidium content of gneissic and mylonitic meta-
granites, and metagreywacke Xe14; yttrium of 
metagabbro Xe11 and metapelite Xe13). Accord-
ingly, if the geochemical characteristics of the 
following elements are not considered in detail, 
the critical minor elements possibly causing 
geochemical modification for all the studied 
samples are nickel, chromium, barium, stron-
tium, zirconium, niobium, lanthanum, neo-
dymium and tantalum (Fig. 13). As rubidium and 
strontium are commonly associated with po-
tassium feldspar and plagioclase, respectively, 
the positive K2O-Rb and negative K2O-Sr cor-
relations of the whole sample set (Figs. 13D, E) 
mainly indicate the presence of potassium feld-
spar and plagioclase as major mineral phases in 
metagranitoids and metagabbroic and -dioritic 
samples, respectively. The relatively high yttri-
um concentrations of samples Xe16 and Xe13 (60 
ppm and 48 ppm, respectively) may indicate the 
presence of monazite, as the samples also show 
elevated P2O5 relative to the other samples. All of 
the xenolith samples display constantly low Nb 
(<30 ppm) and Ta (<2 ppm). 
8.2 Geochemical classification of the studied metaigneous xenoliths
All of the samples may show metamorphic and 
metasomatic modification from their primary 
geochemical composition. The total alkali-sili-
ca (SiO2 versus NaO + K2O) (TAS) diagram (Cox 
et al. 1979) (Fig. 14A) and Si, Na, K, Fe, Ti, Al, 
Mg, Ca cation proportion diagram (De La Roche 
et al. 1980) (Fig. 14B) were used to estimate the 
protolith rock type of the metaigneous xenoliths 
and to dissect the results based on QAPF clas-
sification (Fig. 7, Chapter 7) and geochemical 
classification presented here. The multielement 
cation proportion diagram was used, as it gives 
less weight to the elements Si and K, the values 
of which may have been modified by metamor-
phic redistribution of quartz and metasomatism 
of the samples; this is more of a problem with 
the traditional TAS diagram (Fig. 14A). For the 
metatonalites (Xe1, Xe4) and equigranular me-
tagranite (ALKBM6-98), the geochemical rock 
type classification differs from classification 
based on modal mineralogy. For the metato-
nalites, this shows in the presence of abundant 
fibrous potassium feldspar on grain boundaries, 
and for equigranular metagranite, anorthoclase 
feldspar. The metagabbro compositions (sam-
ples Xe11, Xe16, ALKBM8-98) are alkaline, but 
there is no named rock type for these specific 
compositions in TAS-based classification (Fig. 
14A). Furthermore, the metagabbros are defined 
as quartz-deficient gabbroic rock types in clas-
sification based on cation proportions (Fig. 14B). 
These results are consistent with their quartz-
free, alkaline and nepheline-normative miner-
alogy (cf. Chapter 7). However, due to mineral 
layering resulting in an ultramafic composition 
for sample Xe11 and pervasive metamorphism 
of the metagabbros, the rock type definitions of 
syenogabbro for sample ALKBM8-98, nephe-
line monzodiorite for sample Xe11 and nepheline 
gabbro for Xe16 (Fig. 14B) would be incorrect. 
The classifications of Figures 14B and 14D 
have been developed for studies on fresh, ho-
mogeneous samples of aphanitic volcanic rocks, 
and they are consequently not optimal for the 
metaigneous, originally plutonic samples of this 
study. The diagrams based on incompatible trace 
elements (Figs. 14C-F), however, were selected 
from many available ones, as they do not involve 
common fluid-mobile elements such as Rb, K, 
Sr and Ba (cf. Chapter 4), which may have been 
modified by secondary processes. For metaigne-
ous samples, the Nb/Y vs. Zr/Ti binary diagram 
(Fig. 14C) was used to compare their geochemi-
cal composition with that of volcanic rock types. 
The result is relatively consistent with the SiO2, 
K2O and Na2O contents of the xenoliths shown in 
the TAS classification diagram (Fig. 14A): most 
of the samples show compositions plotting on 
the transition between subalkalic and alkalic 
rock types, and the metagranitoids record in-
creasing alkalinity and silicity from metadio-
rites to gneissic metagranites. Accordingly, the 
metagabbroic xenoliths show basaltic affini-
ty, quartz metadiorite trachyandesitic affinity, 
metatonalites andesitic-basaltic andesite af-
finity, equigranular and mylonitic metagranites 
trachytic affinity, gneissic metagranite Xe7 rhy-
olitic-dacitic affinity, and gneissic metagranite 
Xe6 alkali rhyolitic affinity. In order to make 
interpretations about the tectonic setting of the 
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analysed xenoliths, the ternary Zr, Nb and Y dia-
gram (Fig. 14D) was used for metagabbroids and 
metadiorites and Y vs. Nb and Yb vs. Ta discrim-
ination diagrams (Figs. 14E, F) for metagranit-
oids. The quartz metadiorites show affinity to 
within-plate basaltic rocks and the metagabbros 
to P-type mid-ocean ridge basaltic rocks (Fig. 
14D). The metagranites show affinity to granites 
of volcanic arcs and collisional orogenies (Fig. 
14E), more precisely the volcanic arc granites 
(Fig. 14F). 
Nb, Y, and Zr are highly incompatible in man-
tle melting and the crystal fractionation of basic 
to silicic magmas (e.g. Pearce 1996). The heavy 
rare earth elements Sc, V and Y are only compat-
ible with garnet and zircon in basaltic and an-
desitic magmas (cf. Kelemen et al. 2004). Ti, in-
stead, behaves compatibly during the fractional 
crystallization of intermediate-silicic magma 
(Pearce 1996). Although metamorphosis ideally 
is an isochemical process the size and xenolithic 
origin of the studied samples restricts the repre-
sentativeness of the whole-rock data. The min-
eral fractionation or metamorphic redistribution 
of the minerals may have affected the observed 
whole-rock trace element concentrations. These 
modifications are relevant for this study deal-
ing with high-grade metamorphosed samples: 
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the common high-grade, weathering-resistant 
minerals garnet and rutile, present in sever-
al samples, are major sinks for Nb and Y, and 
zircon for Zr. Possible modification and re-dis-
tribution of these minerals may have fraction-
ated the tectonic discrimination results of the 
metagabbro and quartz metadiorite xenoliths.
In terms of molar Al/Na+K (A/NK) vs. Al/
Ca+Na+K (A/CNK), discriminating metalumi-
nous, peraluminous and peralkaline compo-
sitions, the metaigneous samples are metalu-
minous character (Fig. 15A). This is consistent 
with the modal mineralogy of the metaigneous 
samples, which is free of muscovite, cordierite, 
and Al2SiO5-minerals. Garnet is mostly present 
only in minor amounts (0-1.2 vol% in meta-
granitoids). In metagabbros, the modal amount 
of garnet may exceed 20 vol%, but the mode 
calculation is obscured by voluminous kelyph-
ite formation, as kelyphite was included into 
the garnet (Table 2). The metagranitoids are 
ferroan, except gneissic metagranite Xe7 and 
equigranular metagranite ALKBM6-98, which 
are magnesian (Fig. 15B). The metatonalites and 
equigranular metagranite are alkali-calcic and 
the gneissic and mylonitic metagranites alkalic 
(Fig. 15C). 
Fig. 16. Rare earth element (REE) composition of the meta-igneous and metasedimentary xenoliths examined 
in this study normalised to the CI chondritic reservoir of McDonough and Sun (1995). (A) Metagabbroic and 
-dioritic xenoliths and reference values of N-MORB, OIB and IAB. (B) Metatonalites and equigranular meta-
granite xenoliths and reference values of OIB and IAB. (C) Gneissic and mylonitic metagranite xenoliths and 
reference values of OIB and IAB. (D) Metasedimentary xenoliths and reference value of PAAS. Abbreviations and 
references: N-MORB, normal mid-ocean ridge basalt (Sun & McDonough 1989); OIB, ocean island basalt (Sun & 
McDonough 1989); IAB, island arc basalt, Central Aleutians (Nye & Reid 1986); PAAS, Post-Archean Australian 
Shale (McLennan 1989).
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8.3 Metagabbros and metadiorites
The major element composition of metadiorites 
corresponds to the field of diorites on the TAS 
classification diagram (Fig. 14A). In contrast, Cox 
et al. (1979) defined no plutonic rock type name 
for the analysed metagabbro compositions (Fig. 
14A). The metagabbros and -diorites, however, 
show affinity to quartz deficient gabbros and 
diorites in the multielement binary diagram of 
De La Roche et al. (1980) (Fig. 14B). The incom-
patible trace element concentrations are broadly 
similar, with basaltic affinity (Figs. 14C & D). 
Relatively low concentrations of MgO (ca. 3– 
8 wt%), Ni (25–58 ppm) and Cr (29–122 ppm), 
and low Mg numbers [molar Mg/(Mg+0.85Fet)] 
(0.40–0.62) (Table 5, Figs. 12 & 13) are different 
from primary, unfractionated basalts and sug-
gest that the samples do not represent primary 
magmas. Petrography and mineralogy dominat-
ed by reacted mineral phases such as vermicular, 
symplectic clinopyroxene, garnet surrounded by 
kelyphitic rims, and the constantly low anor-
thite content (An) of untwinned plagioclase are 
indicative of metamorphism and secondary pro-
cesses. Accordingly, the presented figures based 
on geochemical composition are descriptive and 
interpretations are indicative of the origins of 
the xenoliths.
8.3.1 Metagabbros
The metagabbro samples display low, relatively 
unvarying SiO2 (41.6–43.1 wt%) and high K2O 
(2.5–3.7 wt%), with alkaline affinity (Figs. 14A 
& B). Sample Xe11 shows the highest Mg number 
of 0.62 (Fig. 12I). The abundance of plagioclase 
is indicated by higher Al2O3 and CaO relative to 
samples ALKBM8-98 and Xe16 (Figs. 12B & E). 
These samples, however, have lower Mg num-
bers (0.40 and 0.45, respectively). The garnet-
bearing gabbro Xe16 has a distinctively high P2O5 
content of 0.9 wt% (Fig. 12H), which shows in 
the exceptionally abundant apatite in this sam-
ple (ca. 4 vol.%). The concentrations of K2O (2.5– 
3.7 wt%), Ba (863–1731 ppm), Sr (723–1288 
ppm) and Nb (17–21 ppm) (Table 5) are high 
relative to average primitive mid-ocean ridge 
basalt, average oceanic arc basalt and average 
continental arc basalt compositions, considered 
as representative of unaltered volcanic rocks 
(Kelemen et al. 2004). The Zr/Ti (0.01) and Nb/Y 
(0.37–0.63) values are low, pointing to basaltic 
affinity (Fig. 14C). The discrimination diagram 
2Nb, Zr/4, Y (Fig. 14D) refers to field B, a compo-
sition with affinity to the mid-ocean ridge basalt 
type having a plume signature, defined using 
samples of Icelandic mid-ocean ridge basalts by 
Meschede (1986). The rare earth elements (REE) 
exhibit smooth chondrite-normalised patterns 
(Fig. 16A). Concentrations of REE are variable 
but consistently high with, for example, chon-
drite-normalised LaN varying from 83 up to 356. 
The light REE are enriched relative to heavy REE, 
with (La/Yb)N ranging from 5 to 13. 
8.3.2 Quartz metadiorites
The quartz metadiorite samples are metalumi-
nous [Al/(Na+K) >1; Al/(Ca+Na+K) <1)] (Fig. 15A) 
intermediate rocks and equivalent to diorites in 
geochemical composition (Cox et al. 1979, La 
Roche et al. 1980, Pitcher et al. 1985) (Figs. 14A 
& B). The Mg numbers are relatively high (0.61–
0.62) and reflect the presence of magnesian au-
gite and a low abundance of opaque minerals 
in these samples (Fig. 12I). The concentrations 
of Cr (110–119 ppm), Sr (596–610 ppm) and Nb 
(17–21 ppm) (Table 5) are high relative to dior-
itic and monzodioritic plutonic arc rocks of the 
Coastal batholith, Peru (Agar & Le Bel 1985). The 
Zr/Ti (0.028) and Nb/Y (1.03–1.15) values are in-
termediate and point to alkali basaltic to trachy-
andesitic affinity (Fig. 14C). The within-plate 
basaltic composition for quartz metadiorites is 
indicated by the ternary discrimination diagram 
2Nb, Zr/4, Y of Meschede (1986) (Fig. 14D). The 
chondrite-normalised REE patterns are uni-
form and smooth (Fig. 16A). The light REE are 
enriched relative to heavy REE, with (La/Yb)N 
ranging from 15 to 16. There is a slight positive 
Eu anomaly with an Eu/Eu* value of ca. 1.2. 
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8.4 Metagranitoids
The metagranitoids include metatonalites as 
well as mylonitic, gneissic and equigranular 
metagranite samples. They show silicic (65– 
73 wt% SiO2), metaluminous [Al/(Na+K) >1; Al/
(Ca+Na+K) <1)] compositions (Figs. 12 & 15A) 
and geochemically correspond to granodiorites, 
granites and quartz monzonites (Cox et al. 1979, 
De La Roche 1980) (Figs. 14A & B). In the clas-
sification of Frost et al. (2001), they are ferroan 
to mildly magnesian [FeOt/(FeOt+MgO) = 0.66–
0.88], their magnesium number ranges from 
0.23 to 0.53, and (Na2O + K2O – CaO) vs SiO2 
from alkali-calcic to alkalic (Figs. 15B & C). The 
metagranitoids display high Rb concentrations 
relative to the other studied samples, and ac-
cordingly it is unlikely that the Rb content would 
have been significantly increased by lamproite-
host-derived fluid (Fig. 13D). The discrimination 
diagrams based on Y vs. Nb and Yb vs. Ta (Figs. 
14E & F) suggests a volcanic arc-type composi-
tion for the metagranitoids. 
8.4.1 Metatonalites 
The geochemical rock type classification of the 
metatonalites indicates a granodioritic whole-
rock composition (Figs. 14A & B). The differ-
ence in the results between QAPF classification 
(Streckeisen 1974, Le Maitre 1989) based on 
modal mineralogy (Fig. 7) and whole-rock geo-
chemical classifications (Figs. 14A & B) stems 
from the abundant fibrous potassium feldspar 
of the grain boundaries being excluded from the 
mineralogical classification used to decipher the 
protolith rock type (Table 2). The metatonalites 
show mildly potassic compositions (K2O/Na2O 
ca. 1.1) and a medium ferroan character indicated 
by [FeOt/(FeOt+MgO] (0.81–0.83), and magne-
sium numbers from 0.29 to 0.33 (Fig. 15B). The 
modified alkali-lime index ((Na2O + K2O – CaO) 
vs SiO2) (Frost et al. 2001) for the metatonalites 
indicates alkali-calcic compositions (Fig. 15C). 
The metatonalites can be distinguished from the 
other metagranitoids by their lower SiO2 (65– 
67 wt%) (Table 5). The chondrite-normalised 
REE patterns of two samples are uniform and 
smooth (Fig. 16B). The light REE are enriched 
relative to the heavy REE with (La/Yb)N of 9 to 
10. The light REE are more fractionated ((La/Sm)
N = 4) relative to the heavy REE ((Gd/Yb)N = 1.5).
8.4.2 Mylonitic and gneissic metagranites
The geochemical rock type classification of the 
mylonitic and gneissic metagranites indicates 
an alkaline granitic whole-rock composition 
(Figs. 14A & B). They are strongly potassic (K2O/
Na2O > 3), relatively high in SiO2 (69–73 wt%) 
and notably low in FeOt (0.16–1.8 wt%) and MgO 
(<0.4 wt%) (Table 5). Based on the modified 
alkali-lime index (Na2O + K2O – CaO vs SiO2) 
(Frost et al. 2001), the mylonitic and gneissic 
alkali-feldspar granites are alkalic. All sam-
ples, except gneissic metagranite Xe7, are fer-
roan with [FeOt/(FeOt+MgO) = 0.82–0.88] and a 
magnesium number of 0.23–0.32 (Figs. 15B & C). 
Sample Xe7 is distinguishable from other mylo-
nitic and gneissic metagranites by its high K2O/
Na2O (13.2) and relatively high magnesium 
number (0.40). The concentrations of REE are 
mainly high with chondrite-normalised LaN var-
ying from 64 to 237. The chondrite-normalised 
REE patterns of the gneissic metagranite Xe6 
and mylonitic metagranite Xe5 are smooth (Figs. 
16C & D). The light REE of the mylonitic meta-
granites are enriched relative to the heavy REE 
with (La/Yb)N of 37 to 39, and the gneissic me-
tagranite Xe6 with (La/Yb)N of 18. Samples Xe7 
(gneissic) and Xe2 (mylonitic) show negative Eu 
anomalies with Eu/Eu* values of ca. 0.3 and 0.8, 
respectively. Sample Xe7 displays a distinctive flat 
chondrite-normalised REE pattern (Fig. 16C), 
which is enriched in heavy REE and depleted in 
light REE, having a (La/Yb)N value of 0.7. 
8.4.3 Equigranular metagranite
The equigranular metagranite is alkaline granitic 
and quartz monzonitic based on its whole-rock 
geochemical composition (Cox et al. 1979, De 
La Roche 1980, respectively) (Figs. 14A & B). In 
terms of alkalinity, it is more sodic (K2O/Na2O ca. 
0.8) than the other metagranitoids. According to 
the modified alkali-lime index (Na2O + K2O – CaO 
vs SiO2) (Frost et al. 2001), it is alkali-calcic (Fig. 
15B). It also shows the highest MgO (0.97 wt%), 
a magnesium number of 0.52 and a magnesian 
[FeOt/(FeOt+MgO) = 0.66] character (Fig. 15C). 
These features are consistent with the modal 
mineralogy of anorthoclase, quartz and diopsidic 
clinopyroxene. The difference in the results 
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between QAPF classification (Streckeisen 1974, 
Le Maitre 1989) based on modal mineralogy (Fig. 
7) and whole-rock geochemical classification 
after De La Roche (1980) (Fig. 14B) stems from 
the presence of anorthoclase (sodium-bear-
ing potassium feldspar, in this case with albite 
exsolution texture), which was only observable 
by electron microscopy. Modal mineral abun-
dances were defined under a transmitted-light 
polarization microscope and the Na-bearing an-
orthoclase was counted as Na-free potassium 
feldspar. Overall, the major element composition 
is similar to A-type granites (Whalen et al. 1987), 
although the trace elements show extreme en-
richment in Ba (2771 ppm) and Sr (2001 ppm), 
together with relatively low concentrations of Rb 
(27 ppm) and Zr (41 ppm), which is not typical 
of A-type granites (Table 5, Figs. 12 & 13). The 
chondrite-normalised pattern of REE shows a 
positive Eu anomaly (Eu/Eu* = 2.3) (Fig. 16B). 
The concentration of REE is high, with LaN = 138. 
The light REE are enriched relative to heavy REE, 
with a (La/Yb)N value of 58. 
8.5 Geochemical classification of the metasedimentary xenoliths
Two of the four metasedimentary samples were 
analysed for major and trace elements (Table 
5). The K2O content of the analysed samples is 
higher (>6 wt%) than that of the host lamproite, 
and it has probably not been significantly in-
creased due to host-derived fluids (Fig. 12). The 
samples show low Na2O/K2O values (0.08–0.15). 
However, the SiO2, Na2O and K2O contents, used 
for the discrimination of arkoses, arenites and 
wackes (e.g. Herron 1988), may have changed 
due to metamorphic and metasomatic modifi-
cations. Geochemical classification schemes, in 
which high Al2O3 relative to SiO2 indicates a more 
immature and less weathered composition akin 
to wackes and lithic arenites, were applied (cf. 
Pettijohn et al. 1972, Herron 1988). These classi-
fications are commonly used for sandstones and 
shales. 
8.5.1 Metapelite
The high-grade, migmatised sample Xe13 dis-
plays high SiO2 (60 wt%) and low TiO2 (1 wt%), 
MgO (1 wt%), CaO (3.7 wt%) and Na2O (0.8 wt%) 
(Table 5, Figs. 12B, D, E & F). The sample is char-
acterized by high Cr, Zr and Y contents relative 
to the other xenolith samples, and the Y content 
is higher than that of the host lamproite (Figs. 
13D, H & I). The loss-on-ignition value (3.5 wt%) 
and concentrations of Ba (1092 ppm) and Sr 
(819 ppm) are relatively high (Figs. 13E & G), 
probably due to the presence of potassium feld-
spar and secondary carbonate. According to the 
geochemical classification for sandstones and 
shales, the sample shows affinities to arkoses 
[log(SiO2/Al2O3) 0.7 and log(Na2O/K2O) -0.8] 
(Pettijohn et al. 1972) and wackes [log(Fe2O3/
K2O) 0.09] (Herron 1988). In terms of SiO2 and 
log K2O/Na2O (1.1), the sample shows affinity 
to sandstones and mudstones in an island-arc 
environment (Roser & Korsch 1986). The chon-
drite-normalised REE pattern is smooth (Fig. 
16D). The concentration of REE is high with, 
for example, chondrite-normalised LaN = 440, 
which may reflect the small degree of melt-
ing of the sedimentary protolith. The light REE 
are enriched relative to heavy REE with (La/Yb)
N = 15. However, the geochemical composition is 
dominated by leucosome of quartz and potassi-
um feldspar and, accordingly, at least the Al2O3 
and K2O of the xenolith have been modified from 
a protolith sediment composition. Thus, the in-
terpretation is nebulous and only suggestive of 
the geo-environment of genesis.
8.5.2 Metagreywacke 
The greywacke sample Xe14 is heterogeneous. It 
included fragments of sandstone (not included 
in whole-rock analysis) and regularly distrib-
uted, irregularly shaped patches of graphitic 
material. Microscopic fragments interpreted as 
volcanic material were also observed. The het-
erogeneity is also visible in the geochemistry of 
the two aliquots Xe14.1 and Xe14.2 of the sample. 
The loss-on-ignition values observed are be-
tween 1.9 and 2.6 wt%. In the major and trace 
element compositions (Fig. 12), the variation is 
slight. The SiO2 content is relatively high (63.5 
and 66.6 wt%). Concentrations of Al2O3 (13– 
14 wt%) and K2O (ca. 10 wt%) imply the pres-
ence of feldspars and the immature nature of the 
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sample relative to quartz arenites, for example. 
High Ba (1296–1632 ppm) may reflect the com-
position of the sedimentary protolith, possibly 
lost Ba-rich minerals precipitated from seawa-
ter into the sediment, or may relate to modifi-
cation by the host lamproite. The major element 
composition of the samples show greater af-
finity to the acid xenoliths than the basic ones. 
Notably, Ni and Cr contents are similar to the 
quartz metadiorite samples. The log(SiO2/Al2O3) 
value (0.66–0.70) indicates a relatively imma-
ture character. According to the classifications 
of Pettijohn et al. (1972) and Herron (1988), the 
samples show a geochemical affinity to arenites 
[log Na2O/K2O (-1.1) and log Fe2O3/K2O (0.4)] 
rather than litharenites or subarkoses. In terms 
of SiO2 and [log (K2O/Na2O) (1.06)], the sample 
shows affinity to sandstones and mudstones 
in an island-arc environment (Roser & Korsch 
1986). The chondrite-normalised pattern for the 
REE indicates a small positive Eu anomaly (Eu/
Eu* = 1.35) (Fig. 16D). The concentration of REE 
is high with, for example, chondrite-normalised 
LaN = 149–211. The light REE are enriched rela-
tive to heavy REE, with (La/Yb)N values of 15–18. 
These parameters are indicative of felsic up-
per crustal source material, and the heavy REE 
pattern shows slight affinity towards the shale 
reference value of Australian Post-Archean 
shales (PAAS; McLennan 1989) (Fig. 16D).
8.6 Data evaluation and interpretation
8.6.1 Geochemical modification of the studied 
xenoliths
The geochemical properties of the trace ele-
ments vary and depend on the geochemical 
environment. It is challenging if not impossible 
to precisely determine the prevailed geochemi-
cal environment, especially for ancient rock 
samples. The interpretations in this study are 
predominantly based on the geochemical behav-
iour of the elements under intermediate to high 
metamorphic and magmatic conditions. Sec-
ondary processes are more likely to take place 
in environments where hydrothermal activity is 
high, and rocks may have been affected by mul-
tiple processes through their lifespan. 
Xenolith samples are often mineralogically or 
chemically modified during magmatic transport 
and associated uplift from their provenance. 
Consequently, it is likely that especially the K, Ba 
and Sr values of the lamproite-hosted xenoliths 
studied here were modified during transport and 
the crystallization of the host (cf. Rudnick 1992). 
Fenitization, i.e. metasomatism caused by alka-
line elements, is a widely observed phenomenon 
related to alkaline rock intrusions. The rocks of 
the surroundings, e.g. felsic basement gneiss-
es, intruded by plutons or dykes of alkaline rock 
types, may show increased alkali-element con-
centrations and metasomatic mineralization of 
alkali-bearing minerals such as alkaline py-
roxenes and amphiboles. The alkaline fluids may 
also propagate further through fractures and 
faults within the bedrock. These types of later 
modification may interfere with the protolith 
compositions of the studied xenoliths.
No significant secondary low-grade or hy-
drothermal mineral assemblages were observed 
within the studied xenoliths. Accordingly, there 
was no mineralogical evidence of significant 
low-grade hydrothermal overprinting of any 
of the samples. The protoliths of the xenoliths 
metamorphosed prior to transport, and espe-
cially metasomatism by mantle-derived melts 
with a low degree of melting and alkaline fluids 
may have occurred, as the bedrock of Vestfjel-
la has experienced at least one period of tension 
and rifting, namely the Jurassic. Early stages of 
rifting are often associated with alkaline basaltic 
magmatism, and related fluids may have affect-
ed the protoliths of the xenoliths. Potassium is a 
fluid-mobile large ion lithophile element, and it 
is predicted that it was a significant constituent 
of lamproite-derived fluids (Table 5, Fig. 13). On 
the basis of the potassium content of the gneissic 
and mylonitic metagranites (K2O higher than ca. 
 6 wt% of the host lamproite sample ALKB1-25-
03), it is unlikely that the host-derived fluids 
would have increased their K2O concentrations. 
The metagabbros, metadiorites, metatonalites 
and equigranular metagranite instead are low-
er in K2O relative to the host, and may accord-
ingly have been more prone to K-metasomatic 
modification. The concentration of potassium 
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in fluid, however, may have been different from 
that indicated by the lamproite whole-rock K2O 
concentration.
8.6.2 The geochemical rock type classifications
Differences between the results from QAPF clas-
sification (Streckeisen 1974, Le Maitre 1989) 
based on modal mineralogy (Fig. 7) and whole-
rock geochemical classifications (Figs. 14A & B) 
were observed for metatonalite and equigranu-
lar metagranite samples. For the metatonalites, 
geochemical classification resulted in a granodi-
oritic composition. This observation stems from 
the amount of fibrous potassium feldspar of 
the grain boundaries being determined by point 
counting. It was excluded from the mineralogi-
cal classification used to decipher the protolith 
rock type due to possibly secondary origin (Table 
2). The equigranular metagranite resulted in a 
quartz monzonitic composition (Fig. 14B). This 
observation is due to the presence of anortho-
clase (sodium-bearing potassium feldspar, in 
this case with albite exsolution texture), which 
was only observable by electron microscopy. 
Modal mineral abundances were defined un-
der a transmitted-light polarization microscope 
and the Na-bearing anorthoclase was counted 
as Na-free potassium feldspar. The observed 
whole-rock major and trace element concentra-
tions may also have been modified by magmatic 
fractionation or metamorphic redistribution of 
the major plagioclase, potassium feldspar, clino-
pyroxene and hornblende. Generalizing, mineral 
mode-based classifications for samples with 
metasomatic or other subtle secondary miner-
alogical and geochemical modifications may be 
more useful in protolith rock-type determina-
tion than solely geochemical classifications.
8.6.3 The use of tectonic discrimination diagrams 
based on incompatible trace elements 
Primarily, magmatic processes have affected 
the geochemical composition, and the different 
tectonic settings displaying characteristic geo-
chemical features are presented in tectonic dis-
criminant diagrams. In this study, elements that 
were least susceptible to metamorphism and 
element mobility, active in processes such as 
burial, magmatism and subduction, were used. 
Nb, Ta, Y and Zr are highly incompatible in 
mantle melting and the crystal fractionation of 
basic to silicic magmas, but rather immobile in 
subduction (e.g. Pearce 1996), and accordingly, 
fingerprints of these elements may have pre-
served in evolved and hydrothermally altered 
rocks. Heavy rare earth elements (such as Yb), 
Sc, V and Y are only compatible with garnet and 
zircon in basaltic and andesitic rocks (cf. Kele-
men et al. 2004). Ti instead behaves compatibly 
during fractional crystallization of intermedi-
ate-silicic magma (Pearce 1996). While using 
trace element data, the increase in systematic 
analytical error related to extremely low con-
centrations of trace elements, and possible con-
tamination during sample processing, needs to 
be remembered and overinterpretation of the 
geochemical data avoided. 
The trace element contents of the xenoliths 
were plotted against K2O to estimate the pos-
sible host-derived contamination, as tectonic 
discrimination diagrams based on Zr, Nb, Y, Yb 
and Ta concentrations were used (Fig. 14). The 
critical elements on the basis of composition 
of the host were potassium, nickel, chromium, 
barium, strontium, zirconium, niobium, lan-
thanum, neodymium and tantalum for all sam-
ples (Fig. 13). Rubidium was not considered as a 
possible contaminant for the metagranitoid and 
metagreywacke Xe14 samples (Fig. 13D) nor yt-
trium for garnet-bearing metagabbro Xe16 and 
metapelite Xe13 samples (Fig. 13G). Ytterbium 
concentrations of the metagabbros, metapelite 
and gneissic metagranite sample Xe7 were also 
higher in the xenolith than in the host (Fig. 13K). 
Accordingly, it is unlikely that the above-men-
tioned trace element concentrations of the re-
spective samples would have been modified by 
lamproite-derived fluids. The exact composition 
of the fluid is, however, unknown, although the 
lamproite whole-rock composition provides an 
approximation that was used in this study. 
The elements Zr, Nb, Y, Yb and Ta are princi-
pally set in the minerals zircon, rutile and gar-
net in magmatic and metamorphic rocks. These 
minerals are highly resistant to weathering and 
considered as inert in most natural environ-
ments. Therefore, the host-derived, K-H2O-
CO2 fluids were unlikely to have affected the 
concentrations of these elements in the stud-
ied xenoliths. However, mineral fractionation 
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or metamorphic redistribution of zircon, rutile 
and garnet may have affected the observed con-
centrations of Zr, Nb, Y, Yb and Ta. These pos-
sible modifications are relevant for this study 
dealing with high-grade metamorphosed sam-
ples. Accordingly, the tectonic discrimination 
results of the metagabbros and quartz metadi-
orites may have been fractionated on the basis 
of their petrography. The characteristics of the 
metagranitoid samples may also have been af-
fected by rutile distribution, if rutile had been 
fractionated at some point during evolution and 
retained the elements Nb, Ta and Y (Figs. 14E & 
F). In addition, the concentrations of Nb, Yb and 
Ta are generally low (Figs. 13H, K & L). Although 
Yb and Ta were determined by ICP-MS analysis, 
possible modification by host-derived fluids or 
contamination during sample preparation may 
increase the error. 
8.6.4 REE geochemistry of the studied xenoliths
The RE elements La, Ce, Pr, Nd, Pm, Sm, Eu, 
Gd, Tb, Dy, Ho, Er, Tm, Yb and Lu are useful in 
petrogenetic studies, as they are geochemically 
similar to each other (cf. Wilson 1989). They are 
trivalent under most geological conditions, ex-
cept Eu and Ce. Eu shows two oxidization stag-
es, 2+ and 3+, and Ce 3+ and 4+, depending on 
the oxygen fugacity and oxidization conditions 
(cf. Wilson 1989). To avoid problems caused 
by paired and unpaired elemental numbers (cf. 
Wilson 1989) and to diminish the effect of the 
different analytical setups and calibrations (cf. 
Rollinson 1993), REE concentrations are usually 
normalized relative to some established stand-
ard concentrations. Here, I used CI chondrite 
after McDonough and Sun (1995), commonly 
used for evolved and Precambrian rocks, to de-
pict the different REE patterns of the samples. 
The chondrite-normalized REE diagrams show 
that the metagabbros, samples ALKBM8-98 and 
Xe11, are alike, and metagabbro sample Xe16 also 
shows light REE enrichment and heavy REE de-
pletion with weak affinity towards the REE pat-
terns of island-arc basalts (IAB) and ocean is-
land basalts (OIB) rather than mid-ocean ridge 
basalts (MORB) (Nye & Reid 1986, Sun & Mc-
Donough 1989) (Fig. 16A). The quartz metadi-
orite samples ALKBM1-98 and Xe10 somewhat 
resemble the metatonalite samples Xe1 and Xe4 
(Figs. 16A & B). Their enriched light REE and 
depleted heavy REE patterns show similarities 
to IAB and island arc basaltic andesite (Nye & 
Reid 1986, Bacon et al. 1997), but are different 
from tholeitic IAB (Nye & Reid 1986). The meta-
granites show distinctive patterns (Chapter 8.2), 
with light REE enrichment and heavy REE deple-
tion, except for the gneissic metagranite sample 
Xe7 (Fig. 16 C). The metasedimentary samples 
(Fig. 16D) show general affinity to upper crus-
tal compositions, e.g. Post-Archean Australian 
Shale (PAAS) (McLennan 1989). It needs to be 
emphasized that the basalt compositions used as 
a reference in Figures 16A–C represent primary 
magmas and, as a result, the fractionated and 
metamorphosed character of the studied sam-
ples is pronounced.
The REE patterns of the metagabbroids may 
indicate a lower degree of partial melting of the 
metagabbros Xe16 and ALKBM8-98 relative to 
the metagabbro Xe11, if possible post-protolith 
crystallization enrichment by lithospheric fluids 
is excluded. Also, Arculus and Ruff (1990) noted 
that most studies on granulite and eclogite xe-
noliths by the 1990s had reported variable con-
tamination of the studied xenolith compositions 
by pre-existing crust enriched in incompatible 
elements. As the studied xenoliths represent 
high-grade, granulitic rock types and the mylo-
nitic granites and metapelite has been inten-
sively deformed, these modifications from the 
protolith compositions also need to be assessed. 
Pan and Fleet (1996) reported REE enrichment 
within mafic gneisses during their prograde 
granulite facies metamorphism, and precipita-
tion of fluorapatite and other REE-rich miner-
als such as allanite, monazite and zircon in peak 
metamorphic conditions. Their study indicates 
that in orthopyroxene and clinopyroxene-rich 
mafic gneisses, REE were enriched in granulite 
facies metamorphism. This REE enrichment was 
accompanied by mobile fluorine-bearing fluid. 
The petrography of the apatite of metagabbros 
indicates that the inclusion-rich apatite may 
have precipitated at a late stage. Rolland et al. 
(2003) reported that changes in REE concentra-
tions of the granites deformed in shear zones are 
ascribed to the alteration of pre-existing mag-
matic REE-bearing minerals and the syntectonic 
precipitation of these minerals, including mon-
azite, bastnäsite, aeschynite and tombarthite. 
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Minor proportions (<2%) of these minerals, 
commonly of <20 µm in diameter, may even 
result 5-fold enrichment of the REE relative to 
the initial granite whole-rock composition. This 
type of enrichment is not related to the defor-
mation style of the rock, but to the fluid char-
acteristics and precipitation of the REE minerals 
(Rolland et al. 2003). Also, REE mobility in an 
specific hydrothermal environment appears to 
be case sensitive and the behaviour is still poorly 
understood (Rolland et al. 2003 and references 
therein). 
9 U-PB, RB-SR AND SM-ND ISOTOPE GEOLOGY
Of the 27 xenolith samples examined, eight rep-
resentative silicic and mafic ones were selected 
for U-Pb zircon dating and Rb-Sr and Sm-Nd 
isotope study to gain information on the chro-
nology and origin of the xenoliths. Zircon was 
recovered from six representative silicic meta-
igneous xenoliths (Xe1, Xe2, Xe4, Xe6, ALKBM1 
and ALKBM6). These xenoliths were selected on 
the basis of their size, Zr concentration, posi-
tive observation of zircon in thin section, and 
the common experience that zircon is more of-
ten recoverable from silicic rock types than maf-
ic ones. The results of the isotope analysis are 
presented in Tables 6, 7 and 8. Samples Xe1 and 
Xe4 (Figs. 7I & L) were analysed using SHRIMP 
II in Canberra and the data were provided by 
Mr Joachim Jacobs (written communication Mr 
Joachim Jacobs). The rest of the samples were 
analysed at the SIMS laboratory in Stockholm by 
Ms Ilona Romu and Mr Matti Kurhila. The six 
silicic samples were omitted from Rb-Sr and 
Sm-Nd analysis because of their evolved nature 
and possible host lamproite-derived contami-
nation. Two representative ultramafic-mafic 
xenolith samples (Xe11, Xe16) were analysed for 
mineral and whole-rock Rb-Sr and Sm-Nd at 
the Geological Survey of Finland, Espoo, by Ms 
Ilona Romu. No zircon, allanite, titanite, rutile 
or monazite of sufficient size was observed in 
thin section and the overall size of the mafic 
samples was small relative to the silicic sam-
ples. Whole-rock, plagioclase, apatite and clino-
pyroxene fractions of two metagabbroids (Xe11, 
Xe16) were analysed for their Sm-Nd and Rb-
Sr isotopic compositions to obtain information 
on their ages and the nature of their source 
materials (Table 8). 
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 9.1 Metagranitoids
9.1.1 Metatonalites Xe1 and Xe4
The lamproite-hosted metatonalite samples Xe1 
and Xe4 are petrographically and geochemi-
cally nearly identical and may even come from 
the same intrusion. Tonalite sample Xe1 con-
tains elongate to rounded, zoned zircons, with 
a diameter of ca. 100–250 µm. The maximum 
length-width ratio is 3:1. Cathodoluminescence 
(CL) images show oscillatory-zoned cores that 
are surrounded by complex and in part relatively 
wide zircon overgrowths (Fig. 17A). The most 
apparent of these rims are relatively low in U 
(100–400 ppm). The distinctive inner part of the 
zircon crystals is hereafter referred as the core 
and the surrounding continuous overgrowth 
of varying width as the rim. Twenty-two spots 
from eleven crystals were analysed. Most of the 
zircon cores have 207Pb/206Pb ages ranging from 
1250–1330 Ma, but two cores are younger with 
207Pb/206Pb ages of ca. 1150 Ma. Most of the low-
U rims have 207Pb/206Pb ages ranging from 940–
1000 Ma, while three analyses have 207Pb/206Pb 
ages of ca. 1040 Ma. The two young ages and the 
most concordant spot analysis provide the mini-
mum age for this metatonalite of 966 ± 7 Ma 
(Fig. 18A).
Tonalite sample Xe4 has elongate to rounded, 
stubby zircons with a size ranging from 100–
200 µm (Fig. 17B). Many of these zircons have 
oscillatory-zoned cores that are surrounded by 
thin zircon overgrowths (Fig. 18B). In CL im-
ages (Fig. 17B), the cores show oscillatory zon-
ing and are overgrown by mostly relatively thin 
zircon rims with low U values (100–400 ppm) 
but relatively high Th/U (Table 7). Twenty-two 
spots from twelve zircon crystals were analysed 
for Xe4. The spots from the core define three 
distinct 207Pb/206Pb age groups at ca. 1280 Ma, 
ca. 1130–1150 Ma and 1060 Ma. The rims gave 
207Pb/206Pb ages of mainly 950–990 Ma. Two 
zircon overgrowth analyses provided 207Pb/206Pb 
ages of ca. 1040–1080 Ma (Fig. 18B). 
In these two metatonalite samples (Xe1 and 
Xe4), no indication of later lead loss is seen, so 
the obtained 207Pb/206Pb  ages yield the crystal-
lization ages of the respective zircon crystals 
and domains (Figs. 19A & B). The U contents are 
all within the range typical of granitoids (Xiang 
et al. 2011). No systematic Th/U patterns were 
observed within the different morphological or 
age groups that would have been significant in 
distinguishing between a magmatic and meta-
morphic origin of zircon. The oldest groups of 
core ages, 1250–1330 and 1130–1150 Ma, prob-
ably represent inherited zircon. The rims are 
concordant at 960 Ma and have fairly high 
Th/U (0.6–0.8), similar to that of the oldest 
cores, whereas the metamorphic zircon typically 
shows Th/U of <0.1 (Hoskin & Schaltegger 2003). 
The 1040–1070 Ma and 940–1000 Ma ages may 
represent emplacement and recrystallization in 
granulite facies, respectively, of these metato-
nalite xenoliths. 
9.1.2 Mylonitic metagranite Xe2
The zircons from mylonitic metagranite Xe2 
are dark grey, prismatic and mostly stubby. The 
crystals are in most cases oscillatory zoned, se-
verely altered and cracked (Figs. 17C & D). Some 
crystals seem to display a multiple crystallization 
history, but these features are not clear. Overall, 
the zircon crystals are so intensely cracked that 
it was not easy to find targets for the ion beam. 
Altogether, 24 domains from 21 zircon crystals 
were measured. On average, the zircons are high 
in U (ca. 2000 ppm) and the crystals are often 
metamict with Pb loss and resultant high degree 
of discordance. However, all of the data points 
can be attributed to the same crystallization up-
per intercept age of 1021 ± 30 Ma (MSWD 2.1; Fig 
19E). Many of the analysis spots represent zir-
con with high common Pb but fall on the same 
discordia line, irrespective of this. Hence, we 
have used them in age calculations. The lead loss 
seems to have been episodic, pointing to a lower 
intercept of 193 ± 22 Ma. This probably relates 
to the widespread Jurassic mafic magmatism 
during the break-up of Gondwana. 
9.1.3 Gneissic metagranite Xe6
The zircons from the gneissic metagranite Xe6 
are large and euhedral. Visible light does not 
penetrate the crystals and they show a white or 
light bluish grey tint under an optical micro-
scope. These features are typical of zircons re-
covered from granitic pegmatites. In BSE imag-
es, the crystals are intensely cracked, relatively 
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altered and display well-defined “spongy” met-
amictic zones (Fig. 17E). In CL images, oscilla-
tory zoning is often visible (Fig. 17F). Altogether, 
26 domains from 15 zircon crystals were ana-
lysed. The U contents vary considerably (from 
64 to 2568 ppm), being mostly >1000 ppm. The 
range is indicative of considerable Pb loss (Fig. 
19D). The few concordant spots show a weighted 
mean 207Pb/206Pb age of 1094 ± 11 Ma (Fig. 18D). 
If a discordia line is fitted through the analyti-
cally acceptable data points, a similar upper 
intercept age for the reference line is attained 
(Fig. 19C). The relatively low common-Pb spots 
(207Pb/206Pb > 1000) define a discordia line with 
an upper intercept age of 1081 ± 25 Ma (MSWD 
1.7), which is also similar to the concordia age. 
The lower intercept for this discordia is 204 ± 26 
Ma, partly contemporaneous with the recorded 
Jurassic mafic magmatism during the break-up 
of Gondwana. 
9.1.4 Equigranular metagranite ALKBM6
Compared to the other metagranitoid samples, 
the equigranular metagranite ALKBM6 is nota-
bly more massive and more even grained. Al-
together, 26 domains from 17 zircon crystals 
were analysed. The zircons from metagranite 
ALKBM6 are fairly large, euhedral, stubby and 
often oscillatory zoned. Sector zoning can also 
be seen in some crystals (Fig. 17G). The U levels 
are low, being 30–300 ppm, commonly 200–300 
ppm. The Th/U value ranges from 0.35 to 1.2, 
being predominantly <0.55 (Table 7). The age 
indicated by the Thera-Wasserburg plot (Fig. 
18G) is unequivocally Jurassic, with an aver-
age 206Pb/238U age of 165 ± 1 Ma (MSWD 1.04) 
(Figs. 18G & H). This also sets the maximum 
age for the host lamproite dyke. In three zir-
con crystals, the measurements provided spot 
ages of ca. 1090, ca. 470 and ca. 185 Ma. In ap-
pearance, these measured crystals show a con-
spicuously homogeneous internal structure, as 
opposed to the typically zoned Jurassic zircons 
(Fig. 17G). These spot ages correspond to oro-
genic Grenvillian-Kibaran (ca. 1090 Ma), oro-
genic East Antarctic–African aka. Pan-African 
(ca. 470 Ma), and extensional Karoo (185 Ma) 
thermal events (Fig. 18G), and were therefore 
regarded to be zircon of inherited origin.
  
   9.2 Metagabbroids and metadiorites
Only the quartz metadiorite sample ALKBM1 
yielded zircon that could be measured for its 
U-Pb isotope composition. Zircon was not recov-
ered from the metagabbros. The two metagab-
broic samples, Xe11 and Xe16, were examined 
using the Rb-Sr and Sm-Nd mineral isochron 
methods (Table 8). 
9.2.1 Quartz metadiorite ALKBM1
In terms of its zircon population, the quartz 
metadiorite is notably heterogeneous. The re-
covered zircons are mostly very large, colourless 
and stubby. Both prismatic and anhedral round-
ed crystals are present (Fig. 17F). Some crystals 
appear to have a structure displaying a core and 
continuous overgrowth referred to later on as a 
rim, but these are not particularly prominent. 
Many crystals display oscillatory zoning, but 
homogeneous zircons are also present. 
Altogether, 38 spots from 29 zircon crystals 
were analysed. The structure of the zircons is 
variable and mainly complex. Some of the crys-
tals display a thin overgrowth (<<25 µm), but 
this is not a prominent feature among the popu-
lation. Average U, Th and Pb contents are low, 
in some instances to the point of having no ob-
served Pb signal, indicative of later Pb loss. The 
U-Pb results spread over a wide range (Fig. 18F), 
but are mostly concordant, although relatively 
imprecise due to low elemental concentrations 
and hence low precision. The youngest spot age 
is 230 Ma and the oldest is 1350 Ma. There is 
no constant connection between the identified 
structural feature groups and the age results. 
Notably, the results show a wide gap between 
the Phanerozoic and Proterozoic ages. The 
heterogeneous zircon fraction probably includes 
a significant detrital/inherited component 
discussed in detail in Chapter 10.  
9.2.2 Garnet-free metagabbro Xe11 
The gabbroic xenolith Xe11 was examined using 
the Rb-Sr and Sm-Nd mineral isochron method. 
Sample Xe 11 is dominated by clinopyroxene and 
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Fig. 17. (A-H) Representative cathodoluminescence (CL) and back scattered electron (BSE) images of the zircon 
crystals in the studied silicic xenoliths. The zircons of (A) metatonalite Xe1 and (B) metatonalite Xe4 show com-
monly oscillatory normal zoned euhedral cores and bright, relatively low-U rims on CL images. The zircons in 
(C, D) gneissic metagranite Xe2 and (E, F) mylonitic metagranite Xe6 are commonly euhedral, showing oscilla-
tory normal zoned cores, but (C) intensive cracking is clearly visible in BSE images, and (E) “spongy” metamict 
zones are also well defined. (D, F) Typically, the zircon of xenoliths Xe2 and Xe6 is high in U, except for some 
rims that are low in U, indicated by high reflectivity in CL images. (G) The zircons from equigranular meta-
granite ALKBM6 are fairly large, euhedral, stubby and often oscillatorily zoned. Some homogeneous crystals 
are low in U, indicated by high reflectivity in CL images. (H) The zircons from quartz metadiorite ALKBM1 are 
mostly large but also huge, colourless and stubby. Both prismatic and anhedral rounded crystals are present, 
representative of the large zircon aliquot. Copyright for images: Images A and B provided by Dr Joachim Jacobs; 
images C–H provided by Ms Ilona Romu and Dr Matti Kurhila.
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Fig. 18. (A–E) Zircon 206Pb/238U-207Pb/235U and (F–H) 207Pb/206Pb-238U/206Pb diagrams. The analysed concord-
ant zircons of the (A) metatonalite Xe1 and (B) metatonalite Xe4, Wetherill plot. (C) Gneissic metagranite 
Xe6, intercept ages, Wetherill plot. (D) Gneissic metagranite Xe6, concordant analyses of the upper intercept, 
Wetherill plot. (E) Mylonitic metagranite Xe2, intercept ages, Wetherill plot. (F) Quartz metadiorite ALKBM1, 
concordant analyses, Tera-Wasserburg plot. (G) Equigranular metagranite ALKBM6, Tera-Wasserburg plot. 
(H) Equigranular metagranite ALKBM6, concordant analyses (common-Pb uncorrected) pointing to igneous 
crystallization in the Jurassic. The data-point error ellipses are 2 σ.
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Fig. 19. Photomicrographs of the zircon, apatite, clinopyroxene, garnet and plagioclase in situ. (A) Metamict 
zircon of metatonalite xenolith Xe1. A halo produced by radiation damage within the surrounding microcrystal-
line matrix dominated by fibrous Kfs is well developed (photomicrograph, ppl). (B) Zoned euhedral zircon of 
the metatonalite xenolith Xe4 surrounded by deformed undulose quartz. The normal zoned core is overgrown 
by a rim (photomicrograph, xpl). (C) Distinctively yellowish Phanerozoic zircon of the equigranular metagranite 
ALKBM6 (photomicrograph, ppl). (D) Yellowish, probably Phanerozoic zircon of the quartz metadiorite ALKBM1 
set between clinopyroxene, plagioclase and quartz crystals (photomicrograph, ppl). (E) Dark-coloured zircon of 
the gneissic metagranite Xe2. (F) Clinopyroxene of the metagabbro Xe11 is vermicular in habit, apatite is rich in 
fluid inclusions, and pargasite is stained and full of oxide inclusions (ppl). (G) Clinopyroxene and plagioclase 
of the metagabbro Xe16 show reacted, vermicular outer boundaries and apatite is rich in fluid inclusions (xpl). 
(H) Garnet of the metagabbro Xe16 is surrounded by microcrystalline, kelyphitic rims (ppl). Abbreviations: Xpl, 
cross-polarized light; ppl, plane polarized light.
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pargasite, which comprise 80–90% of the vol-
ume of the xenolith (Table 2; Figs. 3S, 4C & 19F). 
This modally layered xenolith is in part plagio-
clase free. Apatite and plagioclase were recov-
ered, but clinopyroxene and pargasite could not 
be separated from each other. The measured 
whole-rock composition, however, gives an es-
timate of the composition of the clinopyroxene-
pargasite mixture. 
Clinopyroxe is vermicular with microscopic 
feldspar exsolutions and pargasite is rich in ox-
ide inclusions (Fig. 19F). Dominantly anhedral, 
zoned plagioclase is unaltered in thin section, 
but the recovered crystals are mostly cloudy and 
contain minor quantities of magnetite. A quan-
tity of translucent plagioclase was also present 
in the analysed plagioclase fraction. Apatite 
contains micron-sized fluid inclusions and is 
distinctive in its petrography (Fig. 19F): the an-
hedral rounded shape combined with inclusion-
rich texture indicate that it may have precipitated 
or re-crystallized after the magmatic crystalli-
zation of the protolith. This would be consist-
ent with the behaviour of phosphate phases in 
high-grade metamorphosed crustal rocks (Pan 
& Fleet 1996, Vavra & Schaltegger 1999). To 
summarize, the apatite is unlikely to represent 
an igneous composition and the sample prob-
ably contained both igneous and metamorphic 
plagioclase, which may result in mixed isotopic 
compositions (Romu 2006, unpublished M.Sc. 
Thesis). The xenolith whole-rock however, may 
have behaved as a closed system, retaining the 
igneous whole-rock isotope composition.
Three-point errochrons imply an incomplete 
state of equilibrium of Rb-Sr and Sm-Nd sys-
tems between plagioclase, apatite and whole 
rock (Figs. 20A & B). The two-point Rb-Sr 
isochron of apatite and plagioclase may record 
metamorphic opening of the Rb-Sr system (Fig. 
20C). The Rb-Sr system closure temperatures 
are lower relative to the Sm-Nd system. On the 
basis of petrographic evidence, the Rb-Sr system 
of apatite (anhedral, fluid-inclusions, Fig. 19F) 
and plagioclase may have reset or partially reset 
after Sm-Nd diffusion closure, possibly during 
the Neoproterozoic ca. 600 Ma. The plagioclase-
whole-rock pair yields an age of 1400–1480 Ma, 
which may be indicative of igneous crystalliza-
tion (Fig. 20D) (cf. Rubie & Brearley 1987). The 
whole-rock depleted mantle model age (TDM) 
after DePaolo (1981) is Proterozoic, ca. 1200 Ma, 
correlative with present-day epsilon values of 
-4.3 for apatite, -3.6 for whole rock and -14.8 
for plagioclase (Table 8). The partial opening of 
the Sm-Nd system, indicated by the apatite re-
sults, increases the material-based error for the 
plagioclase-whole-rock age. Overall, the Sm-Nd 
results are suggestive of a Mesoproterozoic Sm-
Nd closure and possibly crystallization of this 
metagabbro. 
9.2.3 Garnet-bearing metagabbro Xe16
The gabbroic xenolith Xe16 was examined using 
the Rb-Sr and Sm-Nd mineral isochron method. 
Unlike xenolith Xe11, this sample does not show 
modal layering. Ca. 85 vol.% of the sample con-
sists of clinopyroxene, plagioclase, garnet and 
kelyphitic rims of garnet. Inclusion-rich apatite 
is a relatively abundant minor phase, where-
as the pargasite is rare (Table 2; Figs. 3X, 4D 
& 19G–H). The recovered plagioclase is mostly 
cloudy and contains some magnetite. A quantity 
of translucent plagioclase was also present in 
the analysed plagioclase fraction. The recovered 
clinopyroxene contains some magnetite. In thin 
section, clinopyroxene shows reacted vermicular 
margins (Fig. 19G). Garnet is surrounded by mi-
crocrystalline kelyphitic rims (Fig. 19H). Apatite 
is rich in fluid inclusions and was recovered but 
could not be analysed (Figs.  19G & H). The pe-
trography suggests at least one re-equilibration 
of the protolith, the kelyphitic rims of the garnet 
being indicative of decompression (cf. Rudnick 
1992). 
Three-point errochrons imply an incomplete 
state of equilibrium of Rb-Sr and Sm-Nd sys-
tems between plagioclase, whole rock and clino-
pyroxene (Figs. 20E & F). The Rb-Sr errochron 
(Fig. 20E) exemplifies that the two point “age” 
of ca. 100 Ma for the whole rock and clinopyrox-
ene diagram is highly speculative (Fig. 20G), as 
Rb-Sr of clinopyroxene and plagioclase have not 
attained the state of equilibrium. It may, howev-
er, mark the approximate cooling age of the xe-
nolith and the host dyke. The analysed fractions 
plot roughly along a 200 Ma Sm-Nd isochron, 
and the plagioclase-clinopyroxene pair yields an 
age of 184 ± 30 Ma (Fig. 20H). The whole-rock 
TDM age after DePaolo (1981) is Proterozoic, ca. 
1460 Ma, and the present-day epsilon values are 
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Fig. 20. 87Sr/86Sr-87Rb/86Sr and 143Nd/144Nd-147Sm/144Nd diagrams for mineral fractions and whole rocks of the 
metagabbro xenoliths Xe11 and Xe16. An increase in Rb/Sr and Sm/Nd (ppm) (colour coded) correlates posi-
tively with an increase in 87Sr/86Sr and 147Sm/144Nd ratios. (A) A three-point ap-pl-whole-rock Rb-Sr errochron 
of the xenolith Xe11. (B) A three-point ap-pl-whole-rock Sm-Nd errochron of xenolith Xe11. (C) A two-point 
ap-pl Rb-Sr isochron of xenolith Xe11. (D) A two-point ap-whole-rock and pl-whole-rock Sm-Nd isochron of 
xenolith Xe11. (E) A three-point cpx-pl-whole-rock Rb-Sr errochron of xenolith Xe16. (F) A three- point cpx-
pl-whole-rock Sm-Nd errochron of xenolith Xe16. (G) A two-point cpx-whole-rock isochron of xenolith Xe16. 
(H) A two-point pl-cpx isochron of xenolith Xe16. Recalculated after Romu (2006). Mineral abbreviations after 
Kretz (1983).
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-10.4 for whole rock, -9.8 for clinopyroxene and 
-11.5 for plagioclase (Table 8). The εNd (180 Ma) 
values are within analytical error, (-8.5)–(-8.6). 
The two-point Sm-Nd mineral age for plagi-
oclase-clinopyroxene of 184 ± 30 Ma implies 
Phanerozoic equilibration of the garnet-bearing 
metagabbro Xe16, which may be correlated with 
the Jurassic break-up of Gondwana and the sub-
sequent period of cooling. Overall, the Sm-Nd 
results are suggestive of Phanerozoic Sm-Nd 
closure of this garnet-bearing metagabbro. 
      
9.3 Isotopic data evaluation
The interior parts of the xenolith samples, stud-
ied in thin sections, were solid and crystalline. 
The samples were also free of microscopic frac-
tures or micro-cracks, except the metapelitic 
samples Xe13 and P5. Accordingly, there was a 
good reason to suppose that the isotopic compo-
sition remained undisturbed during the Jurassic 
intrusion of the host lamproite. The zircon used 
in uranium lead geochronology is extremely 
resistant to weathering and the crystallization 
temperature and closure temperature of U-Pb-
system within zircon is over 900 °C (cf. Hodg-
es 2004, Johannes & Holtz 1987). However, the 
cracks and porosity seen in back-scattered elec-
tron images and low uranium content implied by 
high reflectance in cathodoluminescence images 
appear to correlate with an increased size of the 
error ellipsoids. This was the case with sam-
ples Xe2 and Xe6. The Pb content of the ana-
lysed zircon was on average low in samples Xe1, 
Xe4 and ALKBM1. This increases the analytical 
uncertainty, as displayed by increased error of 
the spot analyses, and hampers the interpreta-
tion. On the whole, due to the sample size, the 
amount of recovered zircon was relatively small, 
and unfortunately there were only a limited 
number of concordant analyses, as many of the 
analysed zircons were metamict. The Rb-Sr and 
Sm-Nd results are even more prone to material-
based geological errors. Cryptic metasomatosis, 
i.e. chemical enrichment of minerals, after ig-
neous crystallization is possible, as the elemen-
tal concentrations of Rb, Sr and Nd are higher 
in the high-temperature host lamproite melt 
than in the studied xenoliths. Also, vice versa, 
the xenolith minerals may have been depleted in 
incompatible elements through melt extraction 
relative to their original composition. 
9.3.1 Secondary ion mass spectrometry in zircon 
U-Th-Pb studies
Due to its precision, secondary ion mass spec-
trometry (SIMS) of zircon U-Th-Pb age deter-
minations is the best option for studies in which 
the scope is to determine geologically meaning-
ful periods of time. The method provides accu-
rate ages but is not as precise as, for instance, 
the ID-TIMS method (Ireland & Williams 2003). 
However, for multiphase zircon, observation of 
precise ages is only possible with SIMS meas-
urements targeted at single zircon interiors. 
SHRIMP and the Cameca 1270/1280 second-
ary ion microprobes mainly differ in secondary 
ion focusing, which governs the way in which 
the ion optics are tuned (see Ireland & Williams 
2003). These authors also noted that the sec-
ondary ion yield of Cameca 1270/1280 is consid-
erably increased with an increase in the partial 
pressure of oxygen, whereas for SHRIMP the ef-
fect is moderate. Consequently, with the Came-
ca instrument, oxygen bleeding into the source 
chamber during operation is used, as it increases 
the yield of the measured particles. In both in-
struments, spot positioning with reflected light 
is used; additionally, ion imaging may be used 
with the Cameca 1270/1280. In general, how-
ever, spot positioning is more difficult with the 
Cameca 1270 (Ireland & Williams 2003), which 
may sometimes result in mixed isotopic ratios 
generated by heterogeneous zircon. The analyti-
cal precision of SHRIMP and the Cameca 1270 
based on the normal maximum sensitivity of 
zircon U-Th-Pb analysis is, however, similar 
(Ireland & Williams 2003).
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The age data provided in this study were ob-
tained using the SIMS single-zircon method at 
the NordSIMS and SHRIMP II facilities in Stock-
holm and Canberra, respectively. The precision 
issue with secondary ion mass spectrometers in 
zircon U-Th-Pb studies arises from the molecu-
lar isobaric interferences caused by the molecu-
lar secondary ions generated via the ion bom-
bardment of the natural solid zircon sample. The 
analytical matrix of SIMS measurements is more 
complex relative to the ID-TIMS method, as an 
extremely small quantity (ca. 2 ng) (Ireland and 
Williams 2003) of solid natural zircon is sput-
tered towards the collector of the mass spec-
trometer, while in ID-TIMS analytics, chemi-
cally purified solutions made of natural zircon 
concentrates are used.
9.3.2 Rb-Sr and Sm-Nd results 
In an attempt to determine the igneous crystalli-
zation age for the metagabbroic xenoliths, min-
eral-whole-rock diagrams were used. First, as 
the Rb-Sr and petrography implies mineral dis-
equilibrium, these results need to be interpreted 
with caution. During prograde metamorphism 
and magmatic stages, 87Sr/86Sr isotopic homo-
genization of the protolith, mixing and isotopic 
exchange may take place (Wickham 1987). Sec-
ondly, the Sm-Nd system of the minerals is less 
prone to re-equilibrate compared to the Rb-Sr 
system. This results from the relative durability 
of the major Sm- and Nd-hosting mafic min-
erals and slower elemental diffusion rates rela-
tive to the Rb and Sr. The rate of intracrystal-
line diffusion may be so slow, even in eclogite 
facies metagabbros showing disequilibrium in 
thin section, that adjacent reactant minerals 
such as plagioclase and augite can react almost 
as closed systems and preserve their Sm-Nd 
isotopic composition (cf. Rubie & Brearley 1987). 
Thirdly, even the geologically meaningful Rb-Sr 
and Sm-Nd ages were derived from two-point 
“isochrones”, which are based on low probabil-
ity-of-fit regressions (Ludwig 2012). As only a 
few analyses and determined analytical errors 
were available, only the lower band of the true 
errors is provided (Ludwig 2012). Accordingly, 
the reliability of these ages is low due to statisti-
cally poor coverage of the samples. On this basis, 
only a difference between Proterozoic (xenolith 
Xe11) and Phanerozoic (xenolith Xe16) resetting 
of the Sm-Nd system can be interpreted.
10 CRUSTAL PROVENANCE OF THE VESTFJELLA XENOLITHS
The current crustal thickness (the depth of 
Moho) in western Dronning Maud Land is con-
siderable, ranging from 52 to 44 km at Heime-
frontfjella. It decreases towards the coast to 
30 km and reaches 14 km further off the coast 
(Bayer et al. 2009; Kudryavtzek et al. 1991 as 
referred in Bayer et al. 2009). In comparison, 
crustal thickness in the Namaqua-Natal Belt and 
Kaapvaal Craton of southern Africa varies from 
46–50 km and 34–42 km, respectively (Nair et 
al. 2006). On a global scale, the typical crustal 
thickness for rifted margins is ca. 30 km (Rud-
nick & Fountain 1995). 
Western Dronning Maud Land has obviously 
experienced several episodes of crust formation 
and heating in the course of its evolution. The 
latest, extensive rifting period during the Juras-
sic affected the thermal state of the region and 
the protoliths of the xenoliths, now hosted by 
Jurassic intrusions. The coverage of geophysical 
data in the vicinity of Vestjella is poor. Also, the 
Vestfella mountains, surrounded by the lobes 
of continental ice sheets, are covered by Juras-
sic flood basalts that prevent us from observing 
and sampling the underlying basement. There-
fore, many proxies usually used to constrain the 
bedrock geological interpretation, such as the 
style of intrusion and intrusive and stratigraphic 
relationships, are not available. The xenoliths 
examined provide an a priori window into the 
unexposed continental crust of study area.
The mineral chemistry of rutile, whole-rock 
trace elements, mineral assemblages, mineral 
chemistry and isotope geochemistry were used 
to trace the origins, composition and crustal 
provenance of the xenoliths studied. This in-
cludes interpretations of the geological setting 
and the PT conditions indicative of the depth in 
crust and secondary processes that may have 
modified the geochemistry of the xenoliths. 
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Whole-rock major and trace elements were ana-
lysed for representative samples from the 27 xe-
noliths covering, in total, seven rock types. The 
petrography and mineral assemblages of the 27 
xenoliths were studied optically and by SEM-
EDS. Rutile was recovered from quartz metadi-
orite and equigranular metagranite samples as 
a by-product of zircon mineral separation. The 
mineral chemistry of representative phases was 
studied using an electron microprobe in search 
of material for thermobarometric analysis. The 
isotope geochemistry of two mafic-ultramafic 
metagabbroic xenoliths and zircon U-Pb geo-
chronology of metatonalite, metagranite and 
quartz metadiorite xenoliths (six samples in 
total) were studied as described in Chapter 9. 
10.1 Zr-in-rutile and Zr-in-whole-rock saturation temperatures
To estimate the equilibration temperatures for 
the metagranitoids and quartz metadiorite, 
whole-rock zircon saturation temperatures were 
calculated (Watson & Harrison 1983) and the 
Zr-in-rutile thermometer was applied (Watson 
et al. 2006, Zack et al. 2004a) (Tables 4 and 9). 
Rutile was recovered as a by-product of zircon 
mineral separation from two silicic xenoliths, 
quartz metadiorite ALKBM1 and equigranular 
metagranite ALKBM6. From the other meta-
granitoids, -diorites and -gabbros, rutile was 
not recovered. The calculated zircon-saturation 
temperatures, 770–920 °C (Table 9), are com-
patible with granulite facies metamorphism and 
supra-solidus conditions in granitoid systems 
overall (e.g. Holland & Powell 2000). Evaluation 
of the whole-rock zircon saturation results is, 
however, difficult due to the relatively small and 
potentially unrepresentative xenolithic sam-
ples and possible pro- and retrograde reactions 
that may have redistributed Zr in the Zr-bearing 
minerals such as zircon, rutile, and amphiboles.
In general, rutile is a high-temperature min-
eral, resistant to retrograde reactions, and may 
retain information on the source rock history, 
melt generation and prograde metamorphic re-
actions producing rutile (together with other 
Ti-rich phases, such as dissociation of Ti-bi-
otite and amphiboles) (e.g. Xiong et al. 2005, 
Triebold et al. 2007). As rutile is also resistant 
to weathering and may even survive subduc-
tion, it may have been inherited, however, and 
it may have crystallized in matrix differing from 
its in situ context. It was, however, reason-
able to assume that rutile was crystallized in 
a quartz- and zircon-bearing, silica saturated 
system, which usually corresponds to grani-
toids and quartz dioritoids, as well as quartzo-
feldspathic metamorphic rocks (cf. Ferry & 
Watson 2007). Accordingly, equation log(Zr) = 
(7.36 ± 0.10) – (4470 ± 120)/T (K), calibrated by 
Watson et al. (2006), was applied. This equation 
was considered to be more representative than, 
for example, the equation of Zack et al. (2004a). 
The thermometer of Zack et al. (2004a) is cali-
brated on rutile enclosed by garnet and clinopy-
roxene and yielded considerably higher temper-
atures (Table 4) above the solidus of the studied 
silica oversaturated rock types (Fig. 21). Pres-
sure corrections (cf. Tomkins et al. 2007) were 
not used on either of the thermometers applied 
because of the poorly constrained pressure con-
ditions during rutile crystallization.
Altogether, 37 spots from rutile in the xeno-
liths were analysed. Rutile analyses and respec-
tive results of the thermometric calculations are 
shown in Chapter 7.4, Table 4. The rutile in the 
sample ALKBM1 (quartz metadiorite) is black 
and compositionally relatively uniform. It shows 
fairly low Nb (<3050 ppm) contents typical of 
metapelite and possible for metabasite-derived 
rutile (cf. Zack et al. 2004b, Zack et al. 2002; 
Fig. 21) and gives crystallization temperatures of 
857–881 °C (Watson et al. 2006, Table 9). The 
equigranular metagranite ALKBM6 contains two 
types of rutile: black, V-, Fe- and Nb-bearing, 
and amber-coloured, Nb- and Fe-rich (Table 4). 
Three chemically distinctive groups were ob-
served: A single crystal is distinguished by ex-
tremely high Zr (3351–4110 ppm) (b1 in Table 
9). Two crystals are high in Zr (1234–1486 ppm) 
and relatively low in Nb (1234–1744 ppm) (B2 
in Table 9), whereas the remaining 7 crystals 
exhibit exceptionally high Nb (17 700–38 600 
ppm) and also high FeO (1.3–2.1 wt%) (C in 
Table 9). The respective rutile equilibration 
temperatures for metagranite ALKBM6 are 892–
920 °C (b1), 770–815 °C (b2) and 791–872 °C (c) 
(Watson et al. 2006; Table 9). The exceptionally 
Nb-rich rutile in the equigranular metagranite 
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(ALKBM6) is compositionally similar to rutile 
from felsic granulite facies rocks (cf. Zack et al. 
2004b, Fig. 21, Zack et al. 2002). 
Given that the rutile data were recovered from 
mineral concentrates, textural features could 
not be used to constrain the interpretation. The 
concentrates did not include mixed grains with 
garnet or clinopyroxene, and neither was inclu-
sion rutile found. The considerable variations 
in the Zr and Nb contents in rutile probably re-
flect the overall mineral assemblage and condi-
tions of crystallization. Specifically, the varia-
tions in the Nb content probably depend on the 
presence or absence of adjacent amphibole and 
biotite during high-grade metamorphosis and 
anatexis. Both amphibole and biotite are absent 
from the studied quartz metadiorite and equig-
ranular metagranite xenoliths. The presence of 
inherited zircon in the samples used for tem-
perature estimates is compatible with rutile also 
being inherited. This seems probable in the case 
of equigranular metagranite ALKBM6, given the 
heterogeneous nature of the rutile population in 
this sample, and of quartz metadiorite ALKBM1 
due to the average metapelite-like composition 
of the rutile (Fig. 21).
These two thermometry methods use differ-
ent approaches (whole-rock composition of a 
crystallizing magma vs. equilibration of the ru-
tile). The rutile in quartz metadiorite xenolith 
ALKBM1 yielded high granulite facies temper-
atures of 880–860 °C (cf. Watson et al. 2006). 
Whole-rock zircon-saturation temperature for 
the same sample is considerably lower (650 °C) 
(cf. Watson & Harrison 1983). The rutile in equi-
granular metagranite ALKBM6 is composition-
ally heterogeneous and records a temperature 
range between 770 and 920 °C (cf. Watson et al. 
2006). The whole-rock zircon-saturation tem-
perature for the same sample, 780 °C (cf. Watson 
& Harrison 1983), is similar to the lower range 
of the rutile results. Under the above-mentioned 
temperatures, the silicic protoliths of the xe-
noliths have probably been partially molten, 
even without an aquatic fluid. Under a moder-
ate pressure of 5 kbars, 8–12.5% melt may have 
been generated (Rubie & Brearley 1987).
Fig. 21. Results of Zr-in-rutile thermometry. (A) Comparison of the temperatures obtained with cali-
bration after Zack et al. (2004) and Watson et al. (2006). (B) Estimate of the rutile provenance rock type 
on the basis of the Nb concentration in rutile. Lower limit for metapelitic rutile 900 ppm and upper limit 
2700 ppm (cf. Zack et al. 2004b).
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Metagabbroids P(kbar) T(°C) Method
Depth 
in km / 
mixed 
burden*
Depth in 
km/ gra-
nite bur-
den**
P-4, Xe-11 <11 1100 Basalt-eclogite transition  
(Green & Ringwood 1962) 
<36 <41
Xe-16 19 1040 TWQ v. 2.34 (Berman 1991, Berman &  
Aranovich 1996, Berman et al. 1995,  
Berman & Aranovich 1997)
63 70
Xe-16 19.9 1050 Thermocalc 3.33 1) prp+2grs=3di+3cats 2) 
prp+2grs+3qtx=3an+3di 3) 2grs+ alm+3qt-
z=3an+3hed (Powell & Holland 2009, Powell & 
Holland 1988)
66 74
Quartz  
metadiorite
ALKBM1 857-881 Zr in Rt, fraction a (Watson et al. 2006)
657 Zrn saturation (Watson & Harrison 1983)
Xe-10 >6 Opx+Pl±Spl=Grt±Cpx±Qtz (Griffin & Heier 1973) >20 >22
651 Zrn saturation (Watson & Harrison 1983)
Metatonalites
Xe-1 749 Zrn saturation (Watson & Harrison 1983)
Xe-4 747 Zrn saturation (Watson & Harrison 1983)
Metagranites
ALKBM6,  
equigranular
892-920 Zr in R, fraction b1
770-815 Zr in Rt, fraction b2
791-872 Zr in Rt, fraction c
785 Zrn saturation (Watson & Harrison 1983)
Xe-6, gneissic 679 Zrn saturation (Watson & Harrison 1983)
Xe-7, gneissic 690 Zrn saturation (Watson & Harrison 1983)
Xe-2, mylonitic 781 Zrn saturation (Watson & Harrison 1983)
Xe-5, mylonitic 816 Zrn saturation (Watson & Harrison 1983)
Metasedimen-
tary rock types
Xe-13, P-5 ≥10 ≥800 Bt+Pl+Crd±Qtz=Grt+Als+Kfs+melt (Koester et al. 
2002), Bt+Pl+Qtz=Opx+Kfs+melt (Spear 1993)
≥33 ≥37
P-5 17.8 Thermocalc 1)  sp + qtz = mgts 
2)  en + 2spl + 2kya = 4mgts 
3)  fs + 2kya = 2herc + 4qtz (Powell & Holland 
2009, Powell & Holland 1988)
59 66
*Pressure gradient 3.3 kbar/km d=2970 g/cm3 **Pressure gradient 3.7 kbar/km d=2800 g/cm3
Table 9. Results of the thermo- and barometry.
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10.2 Thermobarometry and metamorphism 
In the following, I will review the PT condi-
tions of the metagabbros, metatonalites, quartz 
metadiorites and metasedimentary xenoliths. 
The temperature and pressure conditions of 
recrystallization of the xenoliths are difficult 
to decipher due to the lack of suitable miner-
als or mineral pairs and the observed textural 
and mineral chemical disequilibria in the met-
agabbroic samples and metapelitic sample Xe13 
(Table 9). Also, the equilibration in granulite fa-
cies indicates diffusion closure rather than the 
precise formation P and T (Thompson 1990). 
However, the texture and mineralogy, particu-
larly of the meta-igneous samples, is consistent 
with a high metamorphic grade (Fig. 3). Con-
sistent with this are the signs of partial melt-
ing within the silicic xenoliths (Fig. 6). Textural 
evidence of slow decompression, the kelyphitic 
rims of garnet (cf. Rudnick 1992) and symplec-
tic clinopyroxene, was observed within the met-
agabbros (Figs. 19F–H). This may be indicative 
of uplift; further, deep crustal granulites may be 
tectonically transported to higher crustal levels 
(cf. Moorbath & Taylor 1986, Treloar et al. 1990). 
The accidental nature (cf. Chapter 4) of the xe-
noliths also implies that the studied samples 
may not represent the different crustal levels in 
an equal manner.
10.2.1 Metagabbros
Pressure estimates using the basalt-eclogite 
transformation diagrams of Green and Ring-
wood (1967) for quartz tholeiitic and alkali 
basalt compositions at 1100 °C imply a pres-
sure range of 11–17 kbar (ca. 36–56 km) for the 
garnet-bearing metagabbro (Xe16) and notably 
lower pressures of 5–8 kbar  (ca. 17–26 km) for 
the garnet-free metagabbros (Xe11, P4). To ob-
tain semi-quantitative pressure and tempera-
ture results for the garnet-bearing metagabbro 
Xe16, TWQ 2.34 (Berman 1991) and Thermocalc 
3.33 (Powell & Holland 2009, Powell & Holland 
1988) multi-reaction equilibria programs were 
used. To obtain semi-quantitative results us-
ing Thermocalc, an assemblage grt + cpx + pl + 
qtz was used, although quartz was not observed 
in the metagabbro Xe16. It was further assumed 
that sample Xe16 had been affected by second-
ary K2O enrichment (see chapter 6) and the K2O 
content of plagioclase was adjusted from 1.6 to 
0.5 wt% K2O to calculate the activities of anor-
thite and albite. In TWQ calculation, the assem-
blage grt + cpx + pl + phl + qtz was used. The 
results of the TWQ and Thermocalc calculations 
suggest nearly identical temperatures (1050 °C 
and 950–1050 °C, respectively) and pressures 
(19 kbars and 20 kbars, respectively). These con-
ditions correspond to a depth of 63–66 km.
Based on mineralogy rich in garnet, pla-
gioclase and pyroxene with minor or absent 
amphibole and biotite, sample Xe16 may repre-
sent a lower crustal granulitic restite (cf. Cle-
ments 1990). However, the mafic lower crustal 
xenoliths have commonly been interpreted to 
represent intra- or underplated mafic magmas 
instead of restitic leftover material after the ex-
traction of granitic melt (Arculus & Ruff 1990). 
Given the equilibration of the Sm-Nd isotopic 
system of sample Xe16 in the Phanerozoic, the 
xenolith may represent lower crustal material 
(Rudnick 1992). This would be consistent with 
the recorded pressure and temperature (Table 
9). Therefore, the garnet-bearing metagabbro 
probably represents lower crust, whereas the 
garnet-free metagabbros may have been derived 
from shallower depths (cf. Moorbath & Taylor 
1986). 
10.2.2 Metatonalites and quartz metadiorites
The metatonalite Zr-in-whole-rock saturation 
temperature, 750 °C, is consistent with the tex-
tural evidence of partial melting (Chapter 7.5). 
The reaction relationship opx + pl = grt +cpx + 
qtz observed for the quartz metadiorite xenolith 
Xe10 also suggests high granulite facies condi-
tions for the quartz metadioritic samples. The 
presence of almandine-rich garnet in the meta-
tonalites refers to pressures higher than 13 kbar 
(Allen & Boettcher 1983, Schmidt & Thompson 
1996) and, overall, granulite facies (Table 9). 
10.2.3 Metasedimentary rock types
Based on the assemblage of qtz, kfs ±ky ± 
opx ± spl, the metapelitic xenoliths P5 and Xe13 
probably re-crystallized at 8–11 kbar (cf. Spear 
1993) (Table 9). This corresponds to a depth of 
26–36 km.
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10.3 Incompatible element geochemical constraints
Previously (Chapters 10.1 and 10.2), mineralogi-
cal evidence of the crustal provenance of the xe-
noliths has been presented. Here, the geochemi-
cal composition of incompatible elements of the 
xenoliths is used to decipher their origins and 
depth in the continental crust. This comple-
ments the PT -data presented in Chapters 10.1 
and 10.2. The characterization of the three-layer 
continental crust consisting of upper, middle, 
and lower layers (Rudnick & Fountain 1995) is 
based on extensive geological and seismic data-
sets. The research on this topic is on-going, 
but, modifications for the established elemental 
abundances have recently been rather moderate 
(cf. Rudnick & Gao 2004, McLennan et al. 2006). 
To compare the incompatible element compo-
sition of the Vestfjella xenolith samples with 
the globally representative values of the upper, 
middle and lower crust, I normalized the whole-
rock data relative to the data given in Rudnick 
and Fountain (1995). In addition to the result-
ing averaged compositions, they presented data 
typical of different tectonic provinces, of which I 
used the continental arc and rifted margin data. 
In the following, the abbreviation LCC denotes 
the average lower continental crust, MCC is the 
average middle continental crust, and UCC is 
the average upper continental crust (Rudnick & 
Fountain 1995). A common feature for the con-
tinental crust-normalized metagabbro, metato-
nalite, metagranite and metasedimentary xeno-
liths studied is a moderate (1–4-fold) positive 
K anomaly (Fig. 22), which may be indicative of 
xenolith-based or regional K-metasomatosis of 
the xenolith protoliths derived from the depths 
of 10–66 km (cf. Rudnick 1992, Moorbath & Tay-
lor 1986). Figure 22 is a summary of the best-fit 
incompatible element fingerprints relative to 
established crustal compositions.
10.3.1 The continental crust reference  
values used
Knowledge of the geochemical and mineral-
ogical characteristics of the continental crust is 
based on large, diverse datasets (e.g. Rudnick & 
Fountain 1995). These include both geological 
(geochemical and mineralogical) and seismo-
logical datasets from different geological en-
vironments such as convergent and divergent 
plate margins and continental areas subject to 
compressive and extensive tectonic regimes. The 
interpretations for the composition and charac-
teristics of the bulk continental crust and differ-
ent levels of the continental crust (upper crust, 
middle crust, lower crust) is are based on the ac-
tual rock materials studied: clastic sedimentary 
rocks, shales, granulite terrains, xenolith sam-
ples, deep continental drilling core samples, and 
proxies such as the geochemical composition of 
magmas derived from and erupted through the 
crust. The role of seismic data is crucial, as the 
exposed crustal sections only open a window to 
scattered and sometimes controversial geologi-
cal evidence. Once the seismic properties of the 
crustal rock types have been determined, the 
seismic reflection data, showing the character-
istic seismic velocity for each rock type in their 
present status (such as the mineral mode, de-
gree of partial melting and crystal orientation), 
are used to interpret the division and thickness 
of the rock units of distinctive seismic velocities 
within the crust. 
In particular, the depth of the transition zone 
between the crust and the mantle, the Moho, 
is determined via seismic data. The Moho is 
a place where the seismic velocity exceeds a 
certain value (e.g. Levander et al. 2006), but it 
cannot be considered as a solid, unchangeable 
reference surface (Levander et al. 2006). It is 
useful to note that the Moho evolves through 
time and its significance differs between tec-
tonic settings. For example, the seismic Moho 
may locate higher relative to the petrological-
ly determined crust-mantle boundary, and the 
metamorphic reactions (such as eclogitization) 
and magmatic underplating may cause the Moho 
to shift downward (Levander et al. 2006). Due to 
the buoyancy and complex crustal dynamics, the 
continental crust is not destroyed as the oceanic 
crust is (ca. 200 Ma) (e.g. Davidson & Arculus 
2006). Accordingly, the continental crust is more 
heterogeneous and has been subject to mul-
tiphase evolution and differentiation, whereas 
the oceanic crust is less complex in character.
The established values for average continental 
crust (e.g. Rudnick & Fountain 1995, Rudnick & 
Gao 2003, Taylor & McLennan 1995) are based on 
studies in which several factors have been con-
sidered. These include the seismic and geological 
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Fig. 22. The incompatible trace elements of the xenolith samples normalized against the selected averages 
of the continental crust (cf. Rudnick & Fountain 1995). (A) Metagabbros vs. average continental arc crust; 
(B) metagabbros vs. average lower continental crust; (C) quartz metadiorites vs. average continental arc crust; 
(D) metatonalites vs. average continental arc crust quartz; (E) quartz metadiorites vs. average middle continen-
tal crust; (F) metatonalites vs. average middle continental crust; (G) mylonitic metagranites vs. average upper 
continental crust; (H) gneissic metagranites vs. average upper continental crust; (I) equigranular metagranite 
vs. average middle continental crust; (J) metapelite and metagreywacke vs. average middle continental crust.
83
Geological Survey of Finland, Bulletin 409
Origin of the concealed continental crust of Vestfjella, western Dronning Maud Land, 
Antarctica – Evidence from xenoliths hosted by Jurassic lamproites
properties of crustal segments and the nature 
and timing of the crust-forming processes. The 
element abundances, especially the trace ele-
ment contents, are strongly dependent on the 
geochemical composition of the rock types in-
terpreted to dominate the specific crustal levels. 
The formation of felsic crust during the Prote-
rozoic was dominated by magma production on 
destructive plate margins, i.e. arc environments. 
The most voluminous felsic magmatism has been 
recorded in continental arcs, where the mafic 
oceanic lithosphere is subducted beneath previ-
ously formed continental crust. The hypothesis 
is often referred to as the “Andesitic model”. 
The trace element signature of the granitic 
samples shows considerable variation. This is 
typical of granitic rocks, as their sources are more 
diverse and mainly indicate the heterogeneity of 
their crustal sources, including magma mixing, 
assimilation, fractional crystallization and the 
degree of partial melting. In addition, the trace 
element composition of the granitic samples is 
considered relative to the model average crustal 
compositions after Rudnick and Fountain (1995). 
In the andesitic model and modern volcanic arc 
systems, granitic magmas are voluminously mi-
nor relative to the basaltic, andesitic and dasitic 
magmas. Therefore, the granite compositions 
have less weight when modelling and calculat-
ing the average crustal compositions.
10.3.2 Metagabbros 
The trace element patterns of the metagabbro 
xenoliths best fit the total continental arc crust 
and average LCC (Figs. 22A & B). The metagab-
bros are, however, slightly enriched relative to 
the above-mentioned reference values and dis-
play a smooth REE pattern relative to stand-
ardization values, with only 2-3-times higher 
concentrations. The lower crust shows deple-
tion in the heat-producing elements U, Th and K 
because of their incompatible nature. The met-
agabbros show depletion of Th relative to the 
total continental arc crust (Fig. 22A) and aver-
age LCC (Fig. 22B), which supports the idea of 
lower crustal origins. However, the samples are 
enriched in the LREE relative to the average LCC 
(Fig. 22B). Comparison with rifted margin lower 
crust (Rudnick & Fountain 1995) shows that the 
Rb concentration of the metagabbros is 7–10 
times higher. The metagabbros show notable 
enrichment in incompatible elements relative to 
the rifted margin lower crust and continental arc 
lower crust (cf. Rudnick & Fountain 1995). Rela-
tive to MCC and UCC, the samples are generally 
depleted but the K content of the metagabbros is 
similar or slightly enriched relative to the MCC 
(cf. Rudnick & Fountain 1995).
The continental lower crust is thought to be 
depleted in heat-producing and fluid-mobile 
elements due to its residual nature. The in-
compatible element signature of the Vestfjella 
meta gabbro xenoliths is more like the total con-
tinental arc crust composition, which implies 
that the protoliths have not been severely de-
pleted by melt extraction or fluxing by reduc-
tive fluid (cf. Clements 1990). This may be be-
cause the trace element geochemistry reflects 
the protolith magmatic compositions or that the 
xenolith protoliths were (re)-enriched in trace 
elements and REE at some point of their evolu-
tion by metamorphic and/or metasomatic fluids 
(cf. Moorbath & Taylor). On the basis of pet-
rographic evidence, it is likely that the whole-
rock composition is a composite of primary and 
metamorphic and/or metasomatic features.
10.3.3 Metatonalites and quartz metadiorites
The incompatible element patterns of the meta-
tonalite xenoliths best fit the total continental 
arc crust and average MCC (Figs. 22D & F), al-
though the HREE concentrations of these are 
similar to the average continental arc lower 
crust. The metatonalites are, however, slight-
ly enriched relative to the total continental arc 
crust and average MCC; Th, Ta, P and Ti show 
negative anomalies, pronounced relative to the 
continental arc crust. The incompatible element 
patterns of the quartz metadiorite xenoliths best 
fit with those of the total continental arc crust 
and average MCC (Figs. 22C & E). The general 
trend of the quartz metadiorites is slight deple-
tion relative to the above-mentioned reference 
values. Only Sr shows enrichment, by a factor of 
2, and Rb, Th and Ta show negative anomalies in 
both cases. In terms of major and trace elements 
compatible in plagioclase and clinopyroxene, the 
quartz metadiorites are quite similar to those 
of the average MCC with, for example, SiO2 of 
60–61 wt%, Ni of 25–33 ppm, Cr of 110– 
119 ppm, Ba of 332–418 ppm and Sr 595– 
627 ppm, whereas incompatible element 
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concentrations, e.g. Zr (62–67 ppm), are lower 
(cf. Rudnick & Fountain 1995). 
Relative to the rifted margin lower crust and 
continental arc lower crust the xenoliths are, 
however, relatively enriched, and only slightly 
depleted relative to UCC (cf. Rudnick & Fountain 
1995). These results emphasize the volcanic arc 
affinities of the xenoliths and also suggest that 
these four xenoliths are genetically related. The 
difference in their HREE enrichment relative to 
chondrite (Fig. 16) may indirectly refer to the 
depth of magma generation (source mineral-
ogy) or degree of melting. Metatonalites (ca. 10 
times enriched) may have been generated at a 
shallower depth relative to quartz metadiorites, 
enriched <10 times relative to chondrite. The 
combination of high whole-rock Mg numbers, 
high SiO2 and within-plate basalt-type affin-
ity indicated by the discrimination diagram of 
Meschede (1986) (Fig. 5C) is compatible with 
generation of the quartz metadiorites by crustal 
contamination of a mafic magma, possibly in an 
island arc environment (cf. Pitcher et al. 1985).
10.3.4 Metagranites
The mylonitic metagranites are nearly identical 
and show slightly enriched compositions rela-
tive to those of the average UCC (Fig. 22G), but 
pronounced negative Ta, P and Ti anomalies. 
Their REE pattern resembles that of ocean island 
basalts (Fig. 16). The gneissic metagranites (Fig. 
22H) are typified by variably low incompatible 
element contents. The LREE pattern of sample 
Xe6 resembles the one of island arc basalts, and 
enrichment of HREE relative to the chondrite 
may be indicative of a magma source above gar-
net stability in the crust (Fig. 16). Sample Xe7, in 
contrast, is different from IAB and shows HREE 
depletion, which may be indicative of a magma 
source within the garnet stability field in the 
crust. These features may, however, also origi-
nate from the fractionation or removal of mafic 
minerals during the evolution of the xenoliths. 
The gneissic metagranites are suspiciously 
leucocratic, which may refer to alteration due 
to secondary processes, e.g. fluids. Equigranu-
lar metagranite shows varying concentrations 
and resembles neither average UCC nor MCC 
(Fig. 22J).
10.3.5 Metasedimentary rock types
Metapelite xenolith Xe13 also geochemically re-
sembles granulite facies metapelite xenoliths, 
although the K2O, P2O5, REE, U and Th values 
are clearly higher (cf. Rudnick & Fountain 1995). 
Sample Xe13 is dominated by leucosome materi-
al derived by partial melting, which may explain 
the increase in LIL elements K, U and Th. Meta-
greywacke xenolith Xe14 best fits the MCC (Fig. 
22J), especially in its HREE. The REE pattern of 
Australian shale composite PAAS (cf. McLennan 
1989) is notably similar but differs in its nega-
tive Eu anomaly, which is not present in the 
metagreywacke. 
10.4 Control points from geochronology and isotopic tracers
10.4.1 General remarks
The zircon ages determined for meta-igneous 
xenolithic rock types represent both inherited 
ages derived from the source rocks of the mag-
mas and ages that mark crystallization of the 
zircon and subsequent re-equilibration. Some 
of the zircon shows rims of high reflectivity in 
cathodoluminescence images but could only be 
measured for the metatonalite xenoliths, as the 
majority of the rims were too narrow to analyse 
(<25 ).
The observed zircon ages and Sm-Nd results 
add to the regional geological context of the west-
ern Dronning Maud Land. Early Mesoproterozo-
ic zircon cores of the metatonalites pre-date the 
1.1 Ga Grenville-age thermal event. Mesopro-
terozoic zircon coincides with the major 1.1 Ga 
phase of the Grenvillian orogeny. Neoprote-
rozoic zircon of the metatonalites and meta-
granites post-date the 1.1 Ga major Grenvillian 
thermal event (Fig. 23). Scattered zircon ages of 
the quartz metadiorite coincide with the Pan-
African thermal event related to the vast East 
African Antarctic orogeny of Mozambique belt, 
Madagascar, and central Dronning Maud Land 
(Fig. 23, Table 10). The zircon of the equigranu-
lar metagranite post-dates the major phase of 
the Jurassic Karoo event. Also, quasi-linear dis-
cordance arrays of the gneissic and mylonitic 
85
Geological Survey of Finland, Bulletin 409
Origin of the concealed continental crust of Vestfjella, western Dronning Maud Land, 
Antarctica – Evidence from xenoliths hosted by Jurassic lamproites
metagranites record the approximate timing of 
the major thermal events among the concordant 
data: the Meso-Neoproterozoic and Triassic-
Jurassic. 
The Sm-Nd isotope composition of the mafic 
xenoliths is indicative of Mesoproterozoic and 
Phanerozoic thermal events, such as those re-
ported in numerous studies on Grenville-age 
metavolcanic rocks and Karoo volcanic rocks 
and associated intrusive rock types at west-
ern Dronning Maud Land and southern Africa.
The strongest affinity of incompatible trace ele-
ments of the studied metagabbroic xenoliths is 
towards continental arc total crust (cf. Rudnick 
& Fountain 1995), which includes the lower, 
middle and upper crust (LCC, MCC and UCC, re-
spectively). Relative to the average lower crust, 
the metagabbros are only slightly more enriched 
(Fig. 22). The incompatible trace element con-
centrations of these xenoliths indicate more 
pronounced enrichment relative to the lower 
crust of rifted margins and continental arcs (cf. 
Rudnick & Fountain 1995). The heat-producing 
LILE elements Rb, Th, U and K show 3–12-fold 
and 1–10-fold enrichment, respectively. Relative 
to the middle and upper continental crust, these 
xenoliths are generally depleted, but relative to 
potassium content of the MCC the metagabbro 
xenoliths are similar or slightly enriched. En-
richment in Rb and K may derive from lamproite 
or crustally derived metasomatism (cf. Rudnick 
1992, Moorbath & Taylor 1986). 
The observation of abundant pargasitic, Na-
bearing and K-rich hornblende in xenolith Xe11 
Fig. 23. Combined zircon data for quartz metadiorite ALKBM1 and metatonalites Xe1 and Xe4, indicative of a 
prolonged period of zircon crystallization in silicic arc-affinity rocks of Vestfjella. Tera-Wasserburg 238U/206Pb 
versus 207Pb/206Pb diagram, ALKBM1 (blue), Xe1 (red) and Xe4 (green). Error ellipsoids plotted at the 2σ level, 
red and green rescaled for visibility. Inset: Probability density plot of the combined dataset.
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Fig. 24. εNd (180 Ma) versus Sm/Nd of the Vestfjel-
la metagabbro xenoliths with data from Northern 
Lesotho, Namaqualand (Markt) and Tugela Ter-
rain (Letsen-la-Terae) mafic granulite xenoliths 
of variable and uncertain age, Ahlmannryggen 
Jurassic quartz tholeiitic gabbros, and Vestfjel-
la Jurassic gabbroic rocks. εNd calculated rela-
tive to CHUR = 0.512640, 137Sm decay constant = 
0.00654 (DePaolo 1981). Inset: 137Sm/144Nd versus 
143Nd/144Nd diagram of Vestfjella gabbroic rocks 
and Lesotho mafic granulite xenoliths. Reference 
data after Riley et al. (2005), Rogers and Hawkes-
worth (1982), Schmitz and Bowring (2004), Huang 
et al. (1995) and Luttinen et al. (2015).
and untypically high K of plagioclase (up to 
1.7 wt% K2O) in both of the studied metagabbroic 
xenoliths is consistent with the alkali-enriched 
nature of the samples, also indicated by their 
whole-rock compositions (Figs. 14A & B). The 
notably REE-enriched signature of the garnet-
bearing metagabbro Xe16 (Figs. 16, 22A & B) is 
consistent with occurrence of garnet but may 
also originate from apatite, untypically abun-
dant for average gabbroic rocks (3.5 vol.%). The 
apatite in the metagabbro xenoliths Xe11 and 
Xe16 has probably been affected by secondary 
processes such as heating of the western Dron-
ning Maud Land continental crust, as it is anhe-
dral and full of fluid inclusions (cf. Figs. 19F–H). 
The Rb-Sr and Sm-Nd isotopic composition 
measured for the Vestfjella xenoliths may rep-
resent mixtures of regionally derived partial 
melts and fluids. The εNd (180 Ma) values of 
the metagabbros are quite different from each 
other, being -2.3 (Xe11) and -8.5 (Xe16) (Table 
8). The ages of 1450 and 180 Ma indicated by the 
Sm-Nd two-mineral diagrams (Fig. 20) were 
used to determine initial εNd for the samples: 
εNd(init) +7.1 (Xe11) and -8.5 (Xe16). These in-
ferred initial values resemble mantle-derived 
magmas and enriched crustal compositions, re-
spectively, and are different from uncontami-
nated mantle-derived mafic magmas such as 
N-MORB. However, whether this εNd signature 
was magmatic or due to secondary enrichment, 
e.g. by lithospheric mantle-derived fluids or 
melts, would require in situ isotope analysis of 
the minerals of these metamorphosed xenoliths, 
for example. As a reference, the εNd (160Ma) 
value of the Vestfjella lamproite dyke, the best 
representative of the western Dronning Maud 
Land lithospheric mantle, is ca. -6 (cf. Luttinen 
et al. 2002). The whole-rock present-day Sm-
Nd isotopic composition of the metagabbros 
shows affinity to Karoo province gabbroic rocks 
and granulite xenoliths (Fig. 24), although the 
interpretation is hampered by the large uncer-
tainty involved in granulite facies xenolith age 
determinations.
87
Geological Survey of Finland, Bulletin 409
Origin of the concealed continental crust of Vestfjella, western Dronning Maud Land, 
Antarctica – Evidence from xenoliths hosted by Jurassic lamproites
10.4.2 Zircon chronology 
The ca. 1300 Ma Mesoproterozoic zircon cores of 
Vestfjella metatonalites are older than the Neo- 
to Mesoproterozoic Natal-Maud mobile belt zir-
con ages obtained in earlier studies (Table 10). 
This age group may record mafic magmatism 
of the volcanic arcs before accretion of the arc 
terrains to form the Grenvillian Natal-Maud 
Belt and, possibly, emplacement of tonalite in-
trusions. These crystals may have derived from 
the amphibolitic source of the tonalites, and 
the younger 950–1020 Ma zircon would possi-
bly mark the slow tonalite magma crystalliza-
tion within the middle crust. The majority of 
the zircon of the quartz metadioritic xenolith 
ALKBM1 was crystallized between 850 and 500 
Ma, as recorded by the concordant spot analyses, 
although they were low in precision due to the 
zircon quality (Fig. 23A). On the basis of its tex-
ture, geochemistry, presence of magnesium-
rich clinopyroxene, and highly variable zircon 
ages, the sample is likely a plutonic rock which 
contains detrital zircons. The detrital zircon was 
obtained by assimilation of older rock materi-
al. The zircon ages, however, may indicate that 
the high-temperature event, repeatedly caus-
ing the U-Pb system of the zircon to open, was 
long-lasting and coeval with the Pan-African 
event involved in Rodinia rifting and subsequent 
Gondwana assembly. The primary crystalliza-
tion of zircon as a result of local rifting, causing 
crustal thinning and related magmatism, can-
not be excluded, either. The quartz metadiorite 
ALKBM1 zircon population and its 207Pb/206Pb 
ages differ from those of the geochemically 
similar metatonalite xenoliths of this study (Fig. 
23A) and also from Neo- to Mesoproterozoic Na-
tal-Maud Belt zircon U-Pb ages of earlier stud-
ies (Table 10). The quartz metadiorite age results 
of this study are more similar to the Pan-African 
zircon ages of central Dronning Maud land and 
Mozambique belt correlated to the magmatism 
during the East African–Antarctic orogeny.
The Vestfjella metagranites show two age 
groups: Mesoproterozoic and Jurassic (Fig. 18). 
The zircon in deformed, gneissic and mylonitic 
metagranites is metamict and mainly discord-
ant. The upper intercept ages indicate Meso-
proterozoic crystallization of the zircon at 1094 
± 11 Ma (4 concordant spots) and 1021 ± 30 Ma, 
respectively. The concordant upper intercept of 
the gneissic metagranite Xe6 may record granite 
crystallization during arc-continent collision. 
The tectonic event that produced the mylonitic 
texture of xenolith Xe2 caused zircon crystalli-
zation during the cooling of the continental crust 
at 1021 ± 30 Ma. The Concordia age 165 ± 1 Ma 
of the equigranular metagranite ALKBM6 prob-
ably records granite crystallization and also sets 
the minimum age of the host lamproite dyke. 
This Jurassic xenolith is also distinctive relative 
to the other xenoliths due to its REE and trace 
element composition, which probably reflects a 
different source.
10.4.3 Isotopic tracers
Even though the Rb-Sr and Sm-Nd data and 
texture of the metagabbro xenoliths Xe11 and 
Xe16 imply mineral disequilibrium, some of 
the mineral pairs yield geologically meaning-
ful ages that reflect equilibration of the Rb-Sr 
and Sm-Nd systems in the xenoliths (Fig. 20). 
However, to gain more confident age results, 
at least five data points per sample (Ludwig 
2012) or per group of cogenetic samples would 
be preferred. Initial εNd values were calculated 
for these two metagabbro xenoliths on the ba-
sis of information gained from the whole-rock 
mineral diagrams (Table 8.). The εNd values 
calculated at 1450 Ma for the metagabbro Xe11 
and at 180 Ma for the garnet-bearing metagab-
bro Xe16 are compatible with the samples having 
been equilibrated during the Proterozoic and the 
Phanerozoic, respectively. Rb-Sr closure of apa-
tite and plagioclase (571 ± 20 Ma) in metagabbro 
Xe11 may record metasomatism of this xenolith 
(Fig. 20). The high initial εNd value of xenolith 
Xe11 (+7.1) refers to mantle-derived origins, and 
the low initial εNd value of xenolith Xe16 (-8.5) 
refers to a possibly older crustal source, but iso-
topic mixing may have occurred (see 10.3.2). As 
plagioclase of xenolith Xe16 has been a reactant 
phase to form garnet under higher pressure rel-
ative to the equilibration of the garnet-free xe-
nolith Xe11, it seems likely that the Sm-Nd sys-
tem of xenolith Xe16 was re-equilibrated during 
the Jurassic, but its protolith possibly originated 
earlier. Also, the present-day whole-rock Sm-
Nd isotopic composition does not significantly 
differ from those of the Jurassic Karoo province 
gabbroic rocks and granulite xenoliths of Prote-
rozoic to Phanerozoic age (Vuori 2004, Rogers & 
Hawkesworth 1983) (Fig. 24). 
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All the ages are zircon U-Pb unless otherwise stated. N refers to number of grains analyzed.
Western Dronning Maud Land
Area Reference Rock type Method Age (Ma) Interpretation
Vestfjella xenoliths
Kjakebeinet This work Metatonalite Xe1 SHRIMP 207/206 n=2 966±7 Crystallization
            “             “             “ SHRIMP 207/206 n=2 1009±6 Crystallization
            “             “             “ SHRIMP 207/206 n=2 1318±21 Inherited
Kjakebeinet             “ Meta-tonalite Xe4 SHRIMP 207/206 n=4 959±10 Crystallization
            “             “             “ SHRIMP 207/206 n=5 1010±10 Crystallization
            “             “             “ SHRIMP 207/206 n=6 1074±7 Crystallization
            “             “             “ SHRIMP 207/206 n=3 1140±18 Crystallization
            “             “             “ SHRIMP 207/206 n=2 1286±15 Inherited
Kjakebeinet             “ Equigranular metagranite ALKBM6 SIMS 207/206 165±1 Igneous
Kjakebeinet             “ Gneissic metagranite Xe6 SIMS 207/206 n=3 1094±11 Igneous
            “             “ SIMS upper intercept 1050±52 Igneous, all zircons
            “             “ SIMS lower intercept 223±60 heating, all zircons
Kjakebeinet             “ Mylonitic metagranite Xe2 SIMS 207/206 n=2 1009±15 Small zircons concordia
            “             “ SIMS upper intercept 1021±30 deformation, all zircons
            “             “ SIMS lower intercept 193±33 heating, all zircons
Kjakebeinet             “ Quartz metadiorite ALKBM1 SIMS 207/206 n=1 230 heating/lead loss see 
Figs. 23 and 25
            “             “ SIMS 207/206 n=1 1350 Inherited see Figs. 23 
and 25
Kjakebeinet             “ Garnet-metagabbro Xe16 TDM 1204
            “             “ Sm-Nd [Pl-Cpx] 184±45 Sm-Nd closure
            “             “ Rb-Sr [Cpx-whole rock] 101±19
Kjakebeinet             “ Garnet-free metagabbro Xe11 TDM 1456
            “             “ Sm-Nd [Pl-whole rock] 1444±36 Sm-Nd closure
            “             “ Rb-Sr [Pl-Ap] 571±20
West-Muren Luttinen 
& Furnes 
2000
Metagranitoids X4 and X3 TDM 3240-3270
West-Muren Luttinen 
& Furnes 
2000
Metasandstone X5 TDM 1550
Vestfjella outcrops
Muren, Utpostane Vuori 2004 Gabbro ID-TIMS 207/206 Zrn, Bad ~180
Utpostane             “ Bt-granite A1649 ID-TIMS 207/206 180±4
            “             “             “             “ 185±5
Mannefallknau-
sane
Arndt et al. 
1991
Charnockite 12.2/1 ID-TIMS 207/206, upper 
intercept
1073±8
Rämö et al. 
2008
Wiborgite LAMS 1073±6 Igneous
Rämö et al. 
2008
Pyterlite LAMS 1084±8 Igneous
Heimefrontfjella (HF) (direction N-S)
Kottasberge 
(NE-HF)
Bauer  
et al. 2003a
Felsic meta-volcanite S1-55 SHRIMP 207/206 1161.2±9.5 Igneous
            “                “ Felsic meta-volcanite S1-49                “ 1129±31 Igneous
Sivorgfjella                “ Mafic meta-volcanite S1-32                “ 1086±10 Igneous
Table 10. The regional zircon chronology of western Dronning Maud Land and adjacent areas.
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Table 10. The regional zircon chronology of western Dronning Maud Land and adjacent areas.
Area Reference Rock type Method Age (Ma) Interpretation
Kottasberge Bauer  
et al. 2003b
Tholeiite dyke KB156 SHRIMP 207/206 1033.4±7 Igneous
Sivorgfjella                “ EMORB dyke KB136 SHRIMP 207/206, n=1 586±7 Igneous
Milorgfjella  
(NE-HF)
Arndt  
et al. 1991
Garnet amphibolite 17.1/7 SHRIMP 207/206  1060±8 Metamorphic, amphibo-
lite terrain
               “                “ Granitic pegmatite 3.1/2                “  1060±8 Igneous
               “                “ Augen gneiss A7.1/1 ID-TIMS 207/206 1088±10 Igneous, main episode 
of felsic magmatism
Tottanfjella  
(SW-HF)
               “ Granodiorite 9.2/22 ID-TIMS 207/206 1045±9 Igneous, after the main 
metamorphic event
Vardeklettane 
(SW-HF)
               “ Charnockite 10.2/2 ID-TIMS 207/206 1135±8 Igneous
               “                “ Quartzite 10.2/1 SHRIMP 207/206 1104±5 Metamorphic, granulite 
terrain
               “                “                “                “ 1215±15 Detrital
               “                “                “                “ ~2000 Detrital
Kirwanveggen
Polaris Ridge Kleinsch-
midt et al. 
1996
Granitoid sheet Z 2-2 Single grain evaporation 
TIMS
1073±35
               “ Granitoid sheet Z 5-2                “ 1058±18
Central Dronning Maud Land (direction W-E)
Area Reference Rock type Method Age (Ma) Interpretation
Annandagstop-
pane
Marschall  
et al. 2010
Granite, granodiorite,  
Bt-enclaves
Ion microprobe 3067±8 Igneous, Grunehogna 
basement
Ahlmannryggen
Ritscherflya 
supergroup
Marschall  
et al. 2009
80 detrital zircon grains LA-ICP-MS 207/206  
histograms
1110-1170 Detrital
1350 Detrital
1700 Detrital
1880 Detrital
2040 Detrital
2700 Detrital
Borgmassivet
Jekselen Allsopp & 
Neethling 
1970
Subvolcanic quartz diorites Rb-Sr 1672±79 Isochron
            “ Barton &  
Copperth- 
waite 1983
            “             “ 948±120 Isochron
Gjelsvikfjella
Jutulsessen Paulsson & 
Austrheim 
2003
Migmatite SIMS 206/207 1163±6 Igneous
               “                “ Syenite SIMS 206/207 504±6 Igneous
Gjelsvikfjella Jacobs  
et al. 2003
Granite 3112/2 SHRIMP 206/238 486.9±3.8 Igneous
Stabben                “ Meta-gabbro 0501/2 SHRIMP 206/238 titanite 483±11 Igneous cooling
               “                “ Lamprophyre 2312/2 SHRIMP 206/238 523.2±4.8 Igneous
Mühlig-Hofmann-
gebirge
               “ Hbl-leucosome SHRIMP 206/238 1088±49 Metamorphism
               “                “                “ SHRIMP 206/238 557±13 Migmatitization
               “                “ Charnockitic gneiss SHRIMP 207/206 1000-1150 Protolith
               “ SHRIMP 207/206 521±3.4 Charnockisation
Table 10. Cont.
90
Geological Survey of Finland, Bulletin 409
K. R. Ilona Romu
Area Reference Rock type Method Age (Ma) Interpretation
Portnipa Bisnath  
et al. 2006
Aplite ABA/69 498±5 Igneous, min for 
Pan-African  
deformation
Stabben                “ Metagabbro ABA/64 SHRIMP 207/206 487±4 Igneous, late-post 
tectonic
Portnipa                “ Banded gneiss ABA/32 SHRIMP 207/206 1120±9 Detrital, Max age for sed 
protolith
Nupskammen                “ Mylonitic augen gneiss ABA/10B SHRIMP 207/206 1104±8 Igneous
Von Essenskarvet                “ Augen gneiss ABA/10A SHRIMP 207/206 1124.4±11 Igneous
Wohlthatmassiv
 Petermannketten Jacobs  
et al. 1998
Metarhyolite J1838 SHRIMP 207/206 1130±12 Igneous
            “             “ SHRIMP 206/238 575±10 Metamorphism, rim
Petermannketten             “ Charnockite J1 6 SHRIMP 206/238 608±9 Igneous
            “             “                “ 544±15 Metamorphic
Orvinfjella
Dallmannberge             “ Metarhyolite J1704 SHRIMP 207/206 1137±21 Igneous
            “             “                “ 529±8 Metamorphism, rim
            “             “                “ 1084±8 Metamorphic
Dallmannberge             “ Metarhyolite J1795 SHRIMP 207/206 1076±14 Igneous
            “             “ SHRIMP 206/238 557±11 Metamorphism, rim
Conradgebirge             “ Augen orthogneiss J1736 SHRIMP 207/206 1086±20 Igneous
            “             “ SHRIMP 206/238 570±25 Migmatization, rim
Conradgebirge             “ Metagranodiorite J1698 SHRIMP 206/238 527±8 Igneous & metamorphic
Conradgebirge             “ Tonalitic leucosome J1745                “ 516±5 Migmatization
Conradgebirge             “ Meta-leucogranite J1695 SHRIMP 206/238 527±6 Igneous
Zimbabwe
Hanson  
et al. 1998
Dolerite (granophyre) zircon n= 3 1105±2 Igneous
Coats Land,  
Antarctica
Gose  
et al. 2006
Granophyre, rhyolite zircon 1112±4 Igneous
Haag nunatak,  
Antarctica
Millar & 
Pankhurst 
1987
Granodioritic gneiss Rb-Sr 1176 ± 76
            “ Granite Rb-Sr 1058 ± 53
            “ Granite Rb-Sr 1003 ± 18
Falkland Islands
Area Reference Rock type Method Age (Ma) Interpretation
Cape Meredith  
Complex
Jacobs  
et al. 1999
Meta-rhyolite CM94 SHRIMP 204/206 1118±8 Igneous
Meta-rhyolite CM94 SHRIMP 204/206 ~1000 n=2 Metamorphic over-
growth
            “ Granodiorite orthogneiss CM93 SHRIMP ~1090 Igneous
            “ Granite augen gneiss CM51 SHRIMP 207/206 1135±11 Inherited cores
            “ Granite augen gneiss CM51 SHRIMP 207/206 1067±9 Igneous, syntectonic
            “ Granite CM87 SHRIMP 207/206 1003±16 Igneous, post-tectonic
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Area Reference Rock type Method Age (Ma) Interpretation
            “ Amphibolite 40Ar/39Ar hornblende 1009±14
            “ Amphibolite 40Ar/39Ar hornblende 1015±6
            “ Pegmatite 40Ar/39Ar muscovite 989±3
            “ Pegmatite 40Ar/39Ar biotite 989±7
Cape Meredith 
Complex
Thomas  
et al. 1998
Lamprophyre C20 K-Ar biotite 503±6
Cape Meredith 
Complex
            “ Lamprophyre CM67 K-Ar biotite 520±5
Cape Meredith 
Complex
            “ Basalt (picritic) CM83 TDM ~930 Cross-cut ~500 Ma 
lamprophyres
Cape Meredith 
Complex
            “ Basalt (picritic) CM84 TDM ~930 Cross-cut ~500 Ma 
lamprophyres
Cape Meredith 
Complex
            “ Basalt (picritic) CM85 TDM ~870 Cross-cut ~500 Ma 
lamprophyres
Natal Belt, RSA
Area Reference Rock type Method Age (Ma) Interpretation
Natal Eglington & 
Armstrong 
2003
Biotite gneiss WE 1/66 SHRIMP 207/206 1134±15 Igneous
Natal             “ Biotite gneiss WE 1/66 TDM ~2400
Tugela Terrane (accreted to Calahari Craton margin)
Kotongweni Johnston  
et al. 2001
Meta-tonalite STJ96T4 SHRIMP 1209±5 Igneous
Mkondene             “ Meta-diorite, meta-anorthosite ID-TIMS ~1181 Intrusion
            “ Meta-granitoids SHRIMP 1155±1
Dulumbe             “ Paragneiss SHRIMP, re-calculated 1276±10 Detrital, deposition of 
the sed
            “             “             “ 1240±10 Detrital, Sambridge & 
Compston 1994
            “             “             “ 1175±9 Detrital
Mzumbe Terrane (south of Tugela Terrane) = amphibolite facies
Mzumbe Terrane Thomas & 
Eglington 
1990
Tonalite gneiss RT 832 ID-TIMS 1207±10 Igneous
Mpambanyoni 
River
Cornell  
et al. 1996
Meta-andecite/dacite RT 1071 SHRIMP 207/206 1163±12 Igneous
            “ SHRIMP 207/206 1071±26 Metamorphic
            “ SHRIMP lower intercept 172±32 Metamorphic
Fafa River Jacobs & 
Thomas 
1996
Granite Titanite fission-track 481± 55 Cooling
Mpambanyoni 
River
Metarhyolite K-Ar muscovite 918±20 Metamorphic
Mpambanyoni 
River
            “ Calc-silicate rock Titanite fission-track 687 90 Cooling
Mucklebraes 
Klippe
            “ Spodumene pegmatite K-Ar muscovite 905±22 Metamorphic
Mzumbe River             “ Tonalitic gneiss Titanite fission-track 517± 39 Cooling
Mtwalume River             “ Tonalitic gneiss Titanite fission-track 558± 45 Cooling
Quha River Thomas et 
al. 1999
Meta-greywacke Q6 SHRIMP 207/206 1235±9 Igneous
            “ SHRIMP 207/206 1065±15 Metamorphism, rim
            “ Jacobs & 
Thomas 
1996
Muscovite-pegmatite K-Ar muscovite 954±23 Metamorphic
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Area Reference Rock type Method Age (Ma) Interpretation
Margate Terrane (south of Mzumbe Terrane)
Palm Beach Mendonidis 
et al. 2009
Monzonorite PM07/1 1091±7.1 Igneous
            “             “ 1074±27 Metamorphism, rim
Munster head-
land
            “ Mafic granulite PM07/4 1093±5.8 Igneous?
±
Banana Beach Cornell & 
Thomas 
2006
Quartz diorite gneiss RT 845 SIMS 1065±10 Igneous
SIMS 1021±24 Metamorphic
Mbizana Thomas  
et al. 1993
Microgranite dykes 1026±3 Igneous
Port Edward Eglington  
et al. 2003
Enderbite, UND 175 SHRIMP 207/206 1025±8 Igneous
Fafa             “ A-type granite, UND 199 SHRIMP 207/206 upper 
intercept
1037±10 Igneous
Oribi Gorge             “ A-type granite, B1 SHRIMP 207/206 1070±4 Igneous
1029±8 Metamorphism, rim
Glenmore Mendonidis 
et al. 2002
S-type Bt-Grt-granite SHRIMP 207/206 1091±9 Igneous
Sikombe Thomas et 
al. 2003
S-type Bt-granite gneiss SHRIMP 207/207 1181±15 Igneous
Northern Lesotho, xenoliths in kimberlites
Area Reference Rock type Method Age (Ma) Interpretation
Mothae Schmitz & 
Bowring 
2004
Granulite, metasedimentary 
KX23-3
ID-TIMS, monazite 1045±2
Letsang-la-Terae             “             “             “ 1001±2
            “             “ Grt-Kya-opx-granulite KX-20-1 ID-TIMS, zircon ~1017 - 
1000
            “             “ ID-TIMS, monazite n=2 1098±3
            “             “ Felsic granulite KX20-5 ID-TIMS, zircon 997±6 metamorphic
Mafic granulite KX20-8 ID-TIMS, zircon 1092±2
Namaqualand, RSA (western continuation of Natal belt)
Area Reference Rock type Method Age (Ma) Interpretation
Bitterfontein Thomas  
et al. 1996
Granite CBD 574 1065±2
Okiep Copper 
District
Nababeep Robb  
et al. 1999
Granitic orthogneiss NAM6 SHRIMP 207/206 1824±36 Igneous
            “             “             “             “ 1032±18 metamorphic
Springbok             “ Orthogneiss NAM1             “ 1199±12 igneous
            “ Mafic-intermediate granulite 
NAM3
            “ 1168±9 Igneous
            “             “ 1063±16 metamorphic
Diorite NAM10 1057±8 igneous
Eastern Namaqualand, xenoliths in kimberlite
Witberg pipe Schmitz & 
Bowring 
2004
2-pyroxene granulite KX10-4 ID-TIMS, zircon n=3 1100±3 metamorphic
Markt             “ Granitic gneiss KX4-28 ID-TIMS, zircon 1150±3 Igneous
Huang  
et al. 1995
Mafic granulite HSA12 Sm-Nd mineral-who-
le-rock
604±36
            “ Mafic granulite HSA32 Sm-Nd mineral-who-
le-rock
851±53
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11 FORMATION OF THE CONTINENTAL CRUST OF WESTERN  
DRONNING MAUD LAND
The results of the zircon geochronology and 
Sm-Nd and Rb-Sr isotope studies draw a picture 
of an old, at least Mesoproterozoic, tectonically 
and thermally modified continental domain, re-
worked by events related to the Mesoproterozoic 
Rodinia assembly and Neoproterozoic break-up 
followed by ca. 530 Ma Gondwana assembly (Li 
et al. 2008) and finally break-up in Jurassic. 
Overall, combined compositional and geochro-
nological data on the studied xenoliths indicate 
that the Kjakebeinet area in southern Vestfjella 
is underlain by Proterozoic basement composed 
of mafic and felsic granulites and high-grade 
metapelites, together with lower-grade suprac-
rustal rock types. A central thesis of this work 
is that a Proterozoic granulite domain, possibly 
an extension of the granulite terrane exposed at 
Heimefrontfjella and Mannefallknausane (Fig. 
1), is registered by the examined xenoliths in the 
subsurface of Vestfjella.
A wide range of concordant zircon 207Pb/206Pb 
ages from 1350 Ma, representing inherited zircon 
cores from metatonalitic-quartz metadioritic 
xenoliths, down to the 165 Ma igneous crystal-
lization age of metagranitic xenolith were ob-
tained (Fig. 25). The ages mainly correlate with 
the previously established tectono-magmatic 
events in the Namaqua-Natal-Maud Belt, but 
previously unknown ages of the western Dron-
ning Maud Land were also obtained. Combined 
with pre-existing data, the Vestfjella xenoliths 
allow a refinement of the origin and subsequent 
evolution of the continental crust of western 
Dronning Maud Land.
Interpretation of the isotopic and geochemi-
cal data for the metagabbro xenoliths is not 
straightforward. The REE and incompatible 
trace element data indicate that these xenoliths 
could be cogenetic. However, the two Sm-Nd 
ages, discussed in Chapter 9.2, refer to differ-
ent, Mesoproterozoic and Phanerozoic, equili-
bration events of the xenoliths. Consequently, 
these samples represent granulite facies mafic 
rocks and their protoliths may have originated 
in a collisional setting during the Proterozoic, 
or from crustally contaminated Jurassic mafic 
magmas.
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11.1 Volcanic arc at 1350–1150 Ma
On the basis of the overall zircon population 
of the metatonalite and quartz metadiorite xe-
noliths, the oldest concordant zircons dated at 
1340–1150 Ma may represent inherited material. 
This age range coincides with the period of juve-
nile crust formation recorded along the Nama-
qua-Natal-Maud Belt before the Grenville-age 
collision (Table 10, Fig. 25). Equally old or older 
inherited zircons have been reported from Ahl-
mannryggen (ca. 1350 Ma, Marschall et al. 2009), 
Heimefrontfjella (ca. 2000–1200 Ma, Arndt et al. 
1991, Jacobs et al. 2009), Falkland (Cape Mer-
edith; 1135 ± 11 Ma; Jacobs et al. 1999), and Natal 
(1130–1200 Ma; Eglington & Armstrong 2003, 
Thomas & Eglington 1990). The crystallization 
ages of felsic arc-related magmas in Heime-
frontfjella (1170 Ma, 1135 ± 8 Ma; Bauer et al. 
2009, Jacobs et al. 2009) and Natal (1235 ± 9 Ma; 
Thomas et al. 1999, 1209 ± 5 Ma; Johnston et al. 
2001, 1207 ± 10 Ma; Thomas & Eglington 1990, 
1166 ± 12 Ma; Cornell et al. 1996, 1161 ± 9 Ma; 
Bauer et al. 2003b) coincide with the oldest zir-
con in the Vestfjella xenolith suite (Table 10). 
The presence of 1350-1150 Ma zircon within 
the zircon population of metatonalites, quartz 
metadiorites, and of the equigranular meta-
granite (Fig. 25) suggests the presence of 
juvenile crust beneath the supracrustal forma-
tions of Vestfjella. This concealed crust was par-
tially molten and produced some of the arc-af-
finity protoliths of the studied xenoliths (Figs. 14 
& 16). Geochemical data for the metasedimen-
tary xenoliths are compatible with sandstone 
and mudstone protoliths in island arc settings 
(cf. Roser & Korsch 1986), also marked by the 
presence of volcanic arc rock types in the vi-
cinity. The plagioclase – whole-rock Sm-Nd 
“age” of 1444 ± 36 Ma for metagabbro Xe11 
probably records juvenile mafic magmatism 
(Figs. 20D & 25).
11.2 Arc-continent collision of 1100–1000 Ma
The collision of the Kaapvaal-Grunehogna cra-
ton and a further continental landmass (Coats 
Land block; Jacobs et al. 2008) led to a high-
grade metamorphic event in the juvenile crust 
of Vestfjella. In Heimefrontfjella and southern 
Natal, the peak of the collision has been dated 
between 1090 Ma and 1060 Ma using syn-tec-
tonic granitoids and overgrowths (e.g. Jacobs et 
al. 1993, Cornell et al. 1996, Thomas et al. 1999, 
Mendonidis et al. 2002). The gneissic metagran-
ite (Xe6; 1094 ± 11 Ma) and a single grain in Ju-
rassic equigranular metagranite (ALKBM6; ca. 
1090 Ma) can be associated with syn-tectonic 
magmatism in southern Natal (cf. Eglington et 
al. 2003, Mendonidis et al. 2002). The ages of 
this study are marginally older, just within er-
ror, than those of 1073 ± 6 Ma and 1084 ± 8 Ma 
for late-tectonic rapakivi-type coarse, meg-
acrystic granites south of Kjakebeinet (Manne-
fallknausane; Arndt et al. 1991, Rämö et al. 2008) 
and 1070 ± 4 Ma for southern Natal Province 
(Oribi Gorge; Eglington et al. 2003). One con-
cordant age group at 1074 ± 7 Ma (n = 6) for the 
metatonalite sample Xe4 (Fig. 18) is compatible 
with the ages indicative of arc-continent colli-
sion, and implies heating of the crust during the 
late stage of the Grenville-age orogeny in the 
Vestfjella region.
The mylonitic metagranite samples are geo-
chemically uniform and different from the 
gneissic and equigranular metagranite samples. 
The upper intercept age observed from the mylo-
nitic metagranite xenolith (Xe2; 1021 ± 30 Ma) 
overlaps with the transitional period from late-
tectonic to post-tectonic granite magmatism of 
the Namaqua-Natal belt. The K-feldspar augen 
of this mylonitic metagranite xenolith may re-
cord a relict megacrystic texture, which is typi-
cal of these late-tectonic intrusions. In Natal, 
the younger suite of late-tectonic enderbites and 
A-type granites took place at ca. 1020–1050 Ma 
(Margate terrane; 1025 ± 8 Ma, 1037 ± 10 Ma; 
Eglington et al. 2003) and the undeformed 
1026 ± 3 Ma Mbizama microgranite of the Mar-
gate terrain gives the minimum age of ductile 
deformation (Thomas et al. 1993). In Heime-
frontfjella, mafic dykes (1033 ± 7 Ma; Bauer et al. 
2003a) are associated with post-tectonic events. 
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11.3 Post-orogenic cooling at 1000–900 Ma
The last stages of the Grenville-age orogen in the 
Natal-Maud Belt have been associated with sin-
istral shearing along terrane boundaries in Natal 
and exhumation in the Maud Belt (e.g. Jacobs & 
Thomas 1994, Jacobs et al. 1996). In Natal, peg-
matites and calc-silicate rocks indicate a ther-
mal or hydration event at ca. 900 Ma (based on 
K-Ar muscovite) (Jacobs & Thomas 1996). In the 
Maud Belt, widespread evidence of cooling at 
1010–900 Ma is recorded by K-Ar closure in, for 
example, muscovite porphyroblasts in quartz-
ites and pegmatites (960 ± 20, 962 ± 20 Ma; 
Jacobs et al. 1995) and granites (886 ± 19 Ma; 
Jacobs et al. 1996). In the Falkland Islands, a 
metarhyolite U-Pb zircon metamorphic over-
growth was dated at ca. 1000 Ma, contempo-
raneous with hornblende Ar-Ar cooling ages 
of 1021–986 Ma and Ar-Ar pegmatite mica of 
996–982 Ma (Jacobs et al. 1999). Rare evidence 
of igneous activity includes an Ar-Ar muscovite 
age of 954 ± 23 Ma for a late-tectonic pegmatite 
in Natal (Mzumbe; Jacobs &Thomas 1996), U-Pb 
zircon of 1003 ± 16 Ma for post-tectonic granite 
in the Falkland Islands (Cape Meredith; Jacobs 
et al. 1999) and sparse detrital 980 Ma zircons in 
quartzite, Heimefrontfjella (Jacobs et al. 2009). 
The younger 1020–950 Ma zircon in metato-
nalite xenoliths (Xe1, Xe4) from Vestfjella may 
mark recurrent tonalite evolution within the 
middle crust. These geochemically and petro-
graphically nearly identical samples exhibit geo-
chemical affinities to continental arcs (Fig. 22). 
Bearing in mind the relatively small size of the 
samples and possible metasomatic overprint, 
however, the geochemical data available are 
not unequivocally representative of the magma 
compositions. These metatonalites are typified 
by inherited zircon cores (1350–1060 Ma) and 
record melting or thermal modification of Maud 
Belt Mesoproterozoic crust in response to post-
orogenic exhumation. The xenoliths could rep-
resent pluton-size intrusions, leucosome veins 
in migmatites, or something between.
It is probably significant that the ages recorded 
by the metatonalite (Xe1, Xe4) and quartz meta-
diorite (ALKBM1) zircon populations (Fig. 23) 
practically cover the igneous and metamorphic 
zircon ages reported in the Maud Belt, Mzumbe, 
Margate and Tugela terrains of Natal (references 
in Table 10), Northern Lesotho granulite xeno-
liths (Schmitz & Bowring 2004) and the Falkland 
Islands (Thomas et al. 1998, Jacobs et al. 1999) 
(Fig. 1). The detrital zircons of Ahlmannryggen 
and Heimefrontfjella metasediments (Mar-
schall et al. 2009, Arndt et al. 1991) are older on 
average.
11.4 Rodinia rifting at 800–750 Ma and amalgamation of Gondwana at 570–530 Ma 
Rodinia breakup is documented along the south-
western, western and northwestern margins of 
the Kalahari Craton (Fig. 1), where rift sediments 
and volcanic rocks indicate rifting and breakup 
at ca. 800–750 Ma (Li et al. 2008). The metato-
nalite and quartz metadiorite xenoliths contain 
zircons that yield a remarkably wide age range 
from 1350 Ma to ca. 150 Ma. The oldest ages of 
these xenoliths are associated with pre-Rodinia 
arc magmatism (1350 Ma group), whereas the 
ca. 800–900 Ma ages fall between the purport-
ed time of post-orogenic exhumation (1000– 
900 Ma) and anorogenic rifting (800–750 Ma). 
There is, however, no overlap between the zir-
con 1100–1000 Ma spot ages of the metatonalites 
and the quartz metadiorite spot ages during the 
previously mentioned 1100–1000 Ma arc-conti-
nent collision period (Fig. 23A). 
The few low-precision Mesozoic ages of the 
quartz metadiorite xenolith are ascribed to lead 
loss, whereas the ages of ca. 500 Ma determine 
the lower intercept of the quartz metadiorite 
zircon population (Fig. 23). Therefore, despite 
their geochemical similarities, the quartz meta-
diorite, with significant detrital zircon compo-
nent, is probably different from the metatonalite 
magmatism. Accordingly, the quartz metadiorite 
xenolith may represent a crustally contaminated 
layered magmatic rock younger than the meta-
tonalites. The challenge of age determination 
for this xenolith may derive from its complex 
origins: rutile recovered from this sample shows 
a bimodal distribution with respect to the Nb 
content and is dominated by rutile with meta-
pelite affinity. Therefore, it is likely that the 
zircon population also bears a significant detrital 
97
Geological Survey of Finland, Bulletin 409
Origin of the concealed continental crust of Vestfjella, western Dronning Maud Land, 
Antarctica – Evidence from xenoliths hosted by Jurassic lamproites
component. The combined data on the metato-
nalites and quartz metadiorite indicate a long-
lasting positive thermal anomaly at Vestfjella 
(Figs. 23 & 25). 
The ca. 500–600 Ma Pan-African overprint, 
related to the East African Antarctic orogeny 
and amalgamation of Gondwana, has been re-
corded in the Kottasberge amphibolite facies 
terrane east of the Heimefrontfjella shear zone 
(cf. Meert 2003) (Fig. 1) and also by the syenite, 
granite and lamprophyre intrusions of central 
Dronning Maud Land and lamprophyre dykes 
of the Falkland Islands (Jacobs et al. 1998, 1999, 
2003). The minimum age for Pan-African defor-
mation in Dronning Maud Land is recorded by 
489 ± 5 Ma aplite on Gjelsvikfjella (Bisnath et 
al. 2006). 
In contrast, Pan-African ages have not been 
reported from the granulite facies terrane 
west of the Heimefrontfjella shear zone (in-
cludes Mannefallknausane) or from the Tugela, 
Mzumbe and Margate terrains of the Natal Belt. 
The Mzumbe terrain pegmatites and calc-sili-
cate rocks do indicate re-heating at ca. 530 Ma, 
as evidenced by titanite fission track analyses 
(Jacobs & Thomas 1996), which is post-dated 
by the lamprophyre dykes of the Falkland Is-
lands (Thomas et al. 1998). The relatively young 
zircon ages in the Vestfjella quartz metadiorite 
and equigranular metagranite xenoliths coincide 
with the Pan-African event in a broader sense, 
from 800–500 Ma. The meaning of these ages, 
not dominant within the xenolith suite, raises 
the question of the source of these zircons. In 
the case of the Jurassic equigranular metagran-
ite (ALKMB6), discussed in section 11.5, the one 
ca. 470 Ma Pan-African and one ca. 1090 Ma 
concordant zircon age probably record zircon 
inheritance. The quartz metadiorite ca. 860– 
590 Ma zircon spot ages, although with very low 
Pb contents in these zircons (Fig. 23A), may re-
cord partial lead loss of these zircons, magmatic 
zircon crystallization, or the assimilation and 
inheritance of detrital grains from an older sed-
imentary rock. The metapelitic nature of rutile 
in this sample complies with the assimilation 
scenario. Rb-Sr closure of apatite and plagio-
clase (571 ± 20 Ma) in Proterozoic metagabbro 
Xe11 (Fig. 20C) may be indicative of slow cool-
ing, 200 Ma after Sm-Nd closure of apatite and 
whole rock in the same xenolith, of the western 
Dronning Maud Land Proterozoic middle crust. 
This contradicts quartz metadiorite zircon crys-
tallization (>900 °C) at 860–590 Ma and may 
indicate a difference in crustal depth or tectonic 
mixing of lithological units. 
11.5 Gondwana break-up at 180 Ma, cooling and development of continental margin at 140–100 Ma
In Heimefrontfjella, apatite fission-track studies 
of Mesoproterozoic basement gneisses and plu-
tonic rocks, together with some younger sand-
stones, record a long-lasting ca. 170–80 Ma pe-
riod of moderate heating and subsequent cooling 
(Jacobs 2009). The probable heat source was the 
Karoo mantle plume responsible for 180 Ma flood 
basalt and related intrusive magmatism, which 
records the Gondwana break-up in the study 
area (cf. Jacobs et al. 1995, Jacobs & Lisker 1999, 
Luttinen & Furnes 2000). The lower intercept 
ages of gneissic and mylonitic metagranites (193 
± 33 and 223 ± 60 Ma, respectively) (Fig. 18) may 
record opening of the zircon U-Pb system due 
to crustal heating by the Karoo mantle plume. 
These lower intercept ages may also mark the 
ca. 160 Ma melting of lithospheric mantle and 
intrusion of the host lamproites (cf. Luttinen et 
al. 2002). Sm-Nd closure of apatite and whole 
rock (126 ± 39 Ma) in metagabbro xenolith Xe11 
likely record cooling of the xenolith and the host 
dyke. Sm-Nd closure of plagioclase and clino-
pyroxene (184 ± 30 Ma) in metagabbro xenolith 
Xe16 is coeval with Jurassic Gondwana break-up 
magmatism at Vestfjella and in adjacent areas 
(cf. e.g. Luttinen & Furnes 2000, Luttinen et al. 
2015) and may record igneous crystallization or 
metamorphic re-crystallization. The following 
Rb-Sr closure of clinopyroxene and whole rock 
(101 ± 19 Ma) of the same sample may record ex-
tremely slow cooling or more likely cooling and 
re-heating, and, finally, Rb-Sr closure coeval 
with cooling of the host dyke (Fig. 20). 
The crystallization of equigranular meta-
granite at 165 Ma (Table 10) post-dates A-type 
granite plutonism of the Ellsworth-Whitmore 
microplate, West Antarctica (178–174 Ma, zircon 
U-Pb) (cf. Craddock et al. 2017, Leat et al. 2018). 
The Ellsworth-Whitmore granite magmatism is 
associated with the Weddell Sea rift system and 
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may be interpreted as the final stage of Karoo-
Ferrar felsic magmatism (Leat et al. 2018). As the 
age of Kjakebeinet metagranite closely correlates 
with ultrapotassic lamproite magmatism, fur-
ther research is needed to resolve whether these 
intrusions mark a currently undefined anoro-
genic event in western Dronning Maud Land. 
The age of Kjakebeinet Jurassic granite is also 
a proxy indicating the maximum age of Vest-
fjella lamproite magmatism and melting of the 
lithospheric mantle in western Dronning Maud 
Land. 
Large-scale crustal thinning developed the 
distinctive horst graben topography west of 
Heimefrontfjella from ca. 140 Ma onwards 
(Jacobs & Lisker 1999). Erosional unroofing and 
cooling related to the formation of continental 
margin has been recorded at ca. 100 Ma (apa-
tite fission-track method) in Heimefrontfjella 
(Jacobs et al. 1995, Jacobs & Lisker 1999). To 
summarize, the western flank of Dronning Maud 
Land has experienced several localized periods 
of lithospheric thinning and heating.
12 CONCLUDING REMARKS
12.1 Original thickness of the continental crust of western Dronning Maud Land 
The xenoliths studied are predominantly meta-
morphic. They are high grade, yet completely 
recrystallized, as indicated by petrography and 
microscopic evidence of partial melting and re-
crystallization. On a macroscopic scale, the xe-
noliths are unlike classical migmatitic rocks. 
The peculiar texture and mineralogy of the me-
tagranitoids can be explained by disequilibrium 
dehydration melting in the presence of H2O-CO2 
fluid followed by quench crystallization. The ob-
served high temperatures, recorded by mineral 
Fe-Mg exchange and whole-rock Zr saturation 
values, in combination with textural and min-
eralogical evidence, imply partial melting of the 
metagranitoids and the metapelites, and the 
high metamorphic grade of the metagabbros and 
quartz metadiorites. The xenoliths were rapidly 
transported onto the surface, as they did not to-
tally dissolve in their extremely high tempera-
ture (>1000 °C) host magma; this complies with 
the nearly-vertical ascent of the ultrapotassic 
magma through the crust.
Thermobarometry indicates a deep crustal 
origin for garnet-bearing metagabbro Xe16 (ap-
prox. 63 km), metapelite P5 (approx. 59 km), 
metagabbro Xe11 (approx. <36 km) and the 
quartz metadiorites (approx. >20 km). These 
depths probably correspond to lower crust and 
middle crust during the formation of the proto-
liths of these xenoliths, respectively. The meta-
tonalites and metagranites originated in a shal-
lower setting, probably at upper crustal (<15 km) 
levels. Regionally, the current crustal thickness 
across Heimefrontfjella (52–44 km) towards the 
coast (30 km) on western Dronning Maud Land, 
and the thick crust of the Namaqua-Natal Belt 
(46-50 km) and Kaapvaal Craton (34–42 km) 
of southern Africa, correspond to the estimates 
presented in this study. However, the high pres-
sure conditions recorded by the metagabbro and 
metapelite xenoliths may indicate locally thick 
crust relative to the regional values prior to the 
Cretaceous-Jurassic thinning of the crust.
The geochemistry and age data provided by 
the metagabbro, metatonalite and gneissic me-
tagranite xenoliths display rock types accreted 
together and possibly onto the margin of the 
Mesoproterozoic subduction zone within an arc 
environment ca. 1.1 Ga ago (Natal-Maud event). 
In this type of Andean continental arc type en-
vironment, thick crust (>50 km), recorded by 
the garnet metagabbro xenolith Xe16, could 
have developed. As the pressure interpreta-
tions are based on metamorphic mineral assem-
blages, the crustal thickness of Vestfjella may 
have been modified since the formation of those 
assemblages.
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12.2 A xenolith suite with both orogenic and anorogenic origins
Bearing in mind the factors that limit the inter-
pretation of high-grade metamorphic protoliths 
of the xenoliths examined, the chondrite- and 
continental crust-normalized incompatible ele-
ment diagrams of the quartz metadiorites, meta-
tonalites and metagranites show pronounced 
negative Nb, Ta and Ti anomalies indicative of 
generation in an arc environment. The concen-
trations of Y, Nb, Yb and Ta of the metatonalites, 
metagranites and quartz metadiorites show af-
finity to volcanic arc and collisional orogeny 
granitic rocks. In contrast, the concentrations 
of Zr, Nb and Y of the quartz metadiorites also 
show affinity to within-plate basaltic rocks and 
those of the metagabbros to P-type mid-ocean 
ridge basaltic rocks, indicative of a significant 
crustal component. The metagabbros have an 
alkalic, silica-deficient character and they are 
strongly enriched in REE and incompatible ele-
ments relative to the chondrite composition, as 
well as the P-MORB, oceanic and continental arc 
basalt compositions. 
Comparing these results with proposed con-
tinental crust compositions, the incompatible 
element concentrations of the metagabbros are 
higher than those of average lower continental 
crust and the proposed entity of lower, middle 
and upper continental arc crust. The likely ex-
planation for this unexpected fertility of these 
alkalic granulite-facies metagabbro xenoliths is 
metasomatic (re-)enrichment of the protoliths 
by a crustal fluid. The initial εNd(1450) of +7.1 
(Xe11) for the pargasite-rich garnet-free meta-
gabbro and initial εNd(180) of -8.5 (Xe16) for 
the garnet-bearing metagabbro resemble the 
isotopic signature of Vestfjella enriched lith-
ospheric mantle and old enriched crust, respec-
tively. The present day Sm-Nd isotopic com-
position of the xenoliths falls within the array 
defined by the Karoo igneous province gabbroic 
rocks (Jurassic) and granulite xenoliths (Pro-
terozoic or undefined) and are similar to the 
Lesotho lower crustal xenoliths.
On the basis of continental crust compositions, 
the metatonalite and quartz metadiorite xeno-
liths probably represent middle crust that orig-
inated in a continental arc setting. The quartz 
metadiorite, however, is likely to be a hybrid 
rock with arc magmatic and sedimentary source 
material. The metapelitic and metagreywacke 
xenoliths show affinity to average upper con-
tinental crust and sedimentary rocks of an is-
land-arc environment. Accordingly, their source 
and depositional environment comply with the 
metasedimentary Maud Belt rocks. The Meso-
proterozoic gneissic and mylonitic metagranite 
xenoliths represent crustal melts derived from 
heterogeneous sources with a significant con-
tinental arc component. REE enrichment of the 
mylonitic metagranites may relate to process-
es active during the ductile deformation of the 
crust. Equigranular metagranite of Jurassic age 
may represent A-type granitic magmatism, de-
spite the fact that it is extremely enriched in Ba 
and Sr relative to typical A-type compositions. 
12.3 Thermal evolution of the crustal domain of western Dronning Maud Land
The evolution of the Proterozoic crust of west-
ern Dronning Maud Land revealed by the studied 
Vestfjella xenoliths began in the Mesoprotero-
zoic with conceptual arc magmatism at ca. 1300 
Ma. The accretion of arc terrains and develop-
ment of a continental Namaqua-Natal-Maud 
belt by the Grenvillian-Kibaran orogeny was 
followed by breaking up of the Rodinia Super-
continent and, as indicated by the zircon popu-
lations of metatonalite, quartz metadiorite and 
metagranite xenoliths, a long-lasting thermal 
event at 1150–950 Ma.  Crustal anatexis and 
cooling is recorded by granite crystallization at 
ca. 1100–1090 Ma and subsequent Neoprotero-
zoic mylonitic deformation at 1050–990 Ma. The 
zircon populations of metatonalites and quartz 
metadiorite show that the Vestfella continental 
crust was also subject to prolonged heating from 
the Neoproterozoic to the Cambrian, probably 
due to the heat generated by mantle upwelling 
during Rodinia rifting and finally related to the 
silicic magmatism of Gondwana assembly. 
Finally, Vestfjella was positioned into its pres-
ent rifted continental margin setting after the 
basement had been covered with and transect-
ed by Karoo flood basalts and related sheet-like 
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gabbroic intrusions during the Jurassic. As the 
age of Kjakebeinet metagranite (165 Ma) also re-
cords the maximum age of Vestfjella lamproites 
and closely correlates with ultrapotassic lam-
proite magmatism (ca. 160 Ma), further research 
is needed to resolve whether these intrusions 
mark a previously unknown anorogenic event in 
western Dronning Maud Land.
12.4 Tectonic evolution of the crustal domain of western Dronning Maud Land
At northern Vestfjella, a large-scale aeromag-
netic anomaly is indicative of an Archean–Prote-
rozoic boundary. Where exposed, these bounda-
ry regions are often lithologically heterogeneous 
and the tectonic mixing of rocks of different ages 
and origins has occurred. The contradiction be-
tween the temperatures recorded by the quartz 
metadiorite 860–590 Ma zircon population and 
Rb-Sr cooling “age” of 570 Ma for the metagab-
bro Xe11 may indicate that the crustal lithologi-
cal units beneath Vestfjella have been tectoni-
cally mixed, or that the quartz metadiorite and 
metagabbro Xe11 originated at very different 
depths. Tectonostratigraphy, however, is likely 
to dominate the structure of the crust in mobile 
belts and Archean–Proterozoic boundaries. Ac-
cordingly, even the adjacent surface outcrops 
may be of a different metamorphic grade and 
age, also relative to the unexposed crust. There-
fore, neither terrain nor craton boundaries have 
been defined in this investigation. The continu-
ation of geochronological work together with 
deep scientific drilling, high-resolution geo-
physical measurements and satellite imaginary 
of the surface morphology would be the tools for 
further research on this topic.
A plethora of geological processes, includ-
ing arc magmatism, arc accretion, subduction, 
assimilation, partial fusion and anatexis of 
pre-existing crust, high-grade thermal modifi-
cation, intra-crustal recycling and dehydration 
melting have driven the evolution of the conti-
nental crust of western Dronning Maud Land. 
These were active processes during the periods 
of plate convergence, divergence and trans-ten-
sion, which, over 1100 million years, thermally 
modified the lithosphere of western Dronning 
Maud Land and are recorded by the Vestfjella 
xenoliths studied in this thesis.
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APPENDIX 1APPENDIX 1 
Table 1 Apatite analyses. 
1 2 3 4 5 6 7 8 9 10 
P3 P7 P7 P8 P8 P8 Xe1 Xe1 Xe4 Xe4 
Sample (R3_7) (R2_10) (R3_4) (R3_4) (R4_5) (R5_9) (R3_2) (R3_4) (R1_3) (R1_4) 
placCaO 56.67 52.90 51.78 56.45 54.58 57.07 56.20 55.82 50.88 56.99 
Na2O 0.41 0.57 0.41 0.49 0.34 0.41 0.00 0.00 0.00 0.00 
FeO 0.00 0.00 0.00 0.67 1.43 0.96 0.39 0.64 0.62 0.00 
MnO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.43 0.00 0.00 
MgO 0.00 0.51 0.50 0.00 0.61 0.00 0.00 0.00 0.77 0.00 
P2O5 42.92 40.64 40.93 42.01 42.41 41.55 43.41 43.11 40.54 43.01 
SiO2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Cl 0.00 0.00 1.58 0.38 0.62 0.00 0.00 0.00 0.19 0.00 
F 0.00 5.39 4.79 0.00 0.00 0.00 0.00 0.00 7.00 0.00 
total 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 
11 12 13 14 15 16 17 18 19 20 
Xe4 Xe5 Xe9 Xe11 Xe11 Xe15 Xe15 Xe16 Xe16 Xe16 
Sample (R1_10) (R1_1) (R3_1) (R5_9) (R5_14) (R1_8) (R1_13) (R1_1) (R1_5) (R2_5) 
CaO 53.05 37.56 51.79 60.04 59.59 58.39 58.28 55.85 55.03 55.04 
Na2O 0.00 0.00 0.34 0.52 0.00 0.00 0.33 0.00 0.38 0.00 
FeO 0.00 0.00 0.62 0.00 0.00 0.00 0.00 0.00 0.56 0.97 
MnO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
MgO 0.00 0.00 0.00 0.28 0.00 0.00 0.00 0.39 0.39 0.38 
P2O5 41.02 57.95 40.01 39.16 40.41 40.54 38.61 42.87 42.60 43.16 
SiO2 0.00 0.00 0.00 0.00 0.00 1.07 2.77 0.00 0.00 0.00 
Cl 0.00 0.00 0.66 0.00 0.00 0.00 0.00 0.92 1.04 0.45 
F 5.93 4.48 6.59 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
total 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 
Table 2 Amphibole analyses. 
1 2 3 4 5 6 7 8 9 10 
P3 P3 P3 P3 P3 P4 P4 P4 P7 
Sample (R1_5) (R1_7) (R2_9) (R2_10) (R2_1) (R2_6) (R3_1) P4 R3_4) (R3_5) (R2_2) 
SiO2 53.06 56.30 52.66 55.01 55.72 44.36 43.47 43.84 43.96 43.67 
TiO2 6.93 7.10 5.97 5.53 6.26 1.88 2.18 1.87 2.13 3.21 
Al2O3 0.00 0.81 0.00 0.00 0.47 15.29 14.84 15.16 15.26 13.52 
Cr2O3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
FeO 11.18 13.20 15.11 15.89 14.14 11.47 12.35 11.97 11.59 14.90 
MnO 0.00 0.00 1.05 1.16 0.00 0.00 0.00 0.00 0.00 0.00 
MgO 11.63 10.86 10.03 10.34 11.38 11.99 12.17 12.08 11.97 11.05 
CaO 3.46 3.39 3.44 3.34 3.00 9.65 9.67 9.69 9.69 9.62 
Na2O 3.03 2.72 6.13 3.16 3.45 3.07 3.05 3.02 3.11 2.60 
K2O 10.71 5.62 5.59 5.56 5.58 2.29 2.26 2.38 2.29 1.42 
total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 99.99 
Number of cations on the basis of 23 oxygen atoms 
Si 7.79 8.00 7.76 8.00 7.98 6.32 6.21 6.25 6.27 6.24 
Al 0.00 0.00 0.00 0.00 0.02 1.68 1.79 1.75 1.73 1.76 
Al 0.00 0.14 0.00 0.00 0.06 0.89 0.70 0.80 0.84 0.52 
Fe(iii) 0.00 0.00 0.00 0.00 0.00 0.18 0.41 0.31 0.19 0.62 
Ti 0.76 0.76 0.66 0.61 0.67 0.20 0.23 0.20 0.23 0.35 
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Fe(ii) 1.37 1.57 1.86 1.93 1.69 1.18 1.06 1.12 1.20 1.16 
Mn 0.00 0.00 0.13 0.14 0.00 0.00 0.00 0.00 0.00 0.00 
Mg 2.55 2.30 2.21 2.24 2.43 2.55 2.59 2.57 2.55 2.35 
Ca 0.54 0.52 0.54 0.52 0.46 1.47 1.48 1.48 1.48 1.47 
Na 0.86 0.75 1.75 0.89 0.96 0.85 0.84 0.83 0.86 0.72 
K 2.01 1.02 1.05 1.03 1.02 0.42 0.41 0.43 0.42 0.26 
TOTAL 15.88 15.05 15.98 15.36 15.29 15.74 15.73 15.75 15.76 15.45 
Mg# 64.97 59.47 52.51 51.92 58.93 65.09 63.72 64.28 64.80 56.94 
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 11 12 13 14 15 16 17 18 19 20 
 P7 P7 Xe11 Xe11 Xe11 Xe11 Xe11 Xe11 Xe11 Xe11 
Sample (R2_8) (R3_8) (R2_9) (R4_1) (R4_20) (R4_21) (R5_10) (R5_13) (R5_22) (R5_23) 
SiO2 43.41 43.33 41.31 43.29 41.53 41.32 41.74 43.52 42.24 44.09 
TiO2 3.51 3.42 3.97 1.95 3.58 3.72 3.79 3.68 4.02 3.10 
Al2O3 13.54 13.63 14.41 14.86 14.77 14.08 14.33 14.94 13.96 15.55 
Cr2O3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
FeO 15.51 14.71 17.42 17.32 17.64 17.30 17.40 15.59 16.80 16.45 
MnO 0.00 0.00 0.58 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
MgO 10.94 11.39 7.71 7.34 8.17 7.36 7.48 7.25 7.85 6.80 
CaO 9.19 9.45 11.61 11.76 11.28 11.42 12.11 11.71 11.96 9.32 
Na2O 2.38 2.64 1.49 1.90 1.45 1.83 1.66 1.81 1.66 1.41 
K2O 1.51 1.43 1.51 1.57 1.57 2.97 1.50 1.50 1.50 3.29 
total 99.99 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 
Number of cations on the basis of 23 oxygen atoms 
Si 6.18 6.17 6.11 6.36 6.10 6.15 6.16 6.33 6.21 6.43 
Al 1.82 1.83 1.89 1.64 1.90 1.85 1.84 1.67 1.79 1.57 
Al 0.45 0.46 0.62 0.93 0.65 0.62 0.66 0.89 0.63 1.10 
Fe(iii) 0.88 0.76 0.00 0.00 0.21 0.00 0.00 0.00 0.00 0.00 
Ti 0.38 0.37 0.44 0.22 0.40 0.42 0.42 0.40 0.45 0.34 
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00  0.00 0.00 
Fe(ii) 0.97 0.99 2.16 2.13 1.96 2.15 2.15 1.90 2.07 2.01 
Mn 0.00 0.00 0.07 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Mg 2.32 2.42 1.70 1.61 1.79 1.63 1.65 1.57 1.72 1.48 
Ca 1.40 1.44 1.84 1.85 1.77 1.82 1.92 1.83 1.88 1.46 
Na 0.66 0.73 0.43 0.54 0.41 0.53 0.47 0.51 0.47 0.40 
K 0.27 0.26 0.28 0.29 0.29 0.56 0.28 0.28 0.28 0.61 
TOTAL 15.33 15.43 15.55 15.56 15.48 15.74 15.55 15.38 15.51 15.40 
Mg# 55.70 57.99 43.29 43.05 45.24 43.15 43.40 45.34 45.45 42.44 
 
21 22 23 24 25 26 
    
 Xe14 Xe14 Xe14 Xe16 Xe16 Xe16     
Sample (R1_3) (R1_4) (R1_7) (R3_1) (R3_2) (R3_5)     
 
SiO2 
 
59.02 
 
54.51 
 
54.01 
 
43.83 
 
44.18 
 
43.40 
    
TiO2 4.38 3.42 3.79 3.30 3.09 3.02     
Al2O3 0.00 0.00 0.00 13.04 12.84 12.97     
Cr2O3 0.00 0.00 0.00 0.00 0.00 0.00     
FeO 7.85 19.06 18.46 14.86 15.00 15.67     
MnO 0.00 0.92 0.93 0.00 0.00 0.00     
MgO 15.58 9.26 10.00 11.30 11.51 11.27     
CaO 1.03 2.35 2.17 9.46 9.37 9.77     
Na2O 7.45 6.06 6.03 2.58 2.43 2.34     
K2O 4.69 4.42 4.63 1.63 1.59 1.57     
total 100.00 100.00 100.00 100.00 100.00 100.00     
Number of cations on the basis of 23 oxygen atoms 
Si 8.19 8.04 7.96 6.35 6.40 6.32 
Al 0.00 0.00 0.00 1.65 1.60 1.68 
Al 0.00 0.00 0.00 0.58 0.59 0.55 
Fe(iii) 0.00 0.00 0.00 0.00 0.00 0.00 
Ti 0.46 0.38 0.42 0.36 0.34 0.33 
Cr 0.00 0.00 0.00 0.00 0.00 0.00 
Fe(ii) 0.91 2.35 2.28 1.80 1.82 1.91 
Mn 0.00 0.12 0.12 0.00 0.00 0.00 
Mg 3.22 2.04 2.20 2.44 2.49 2.45 
Ca 0.15 0.37 0.34 1.47 1.45 1.53 
Na 2.00 1.73 1.72 0.72 0.68 0.66 
K 0.83 0.83 0.87 0.30 0.29 0.29 
TOTAL 15.77 15.86 15.91 15.68 15.66 15.71 
Mg# 77.96 45.22 47.90 57.55 57.78 56.18 
Mg#= magnesium ratio 
1-5 Accessory, subhedral. brownish in ppl (=plain polarized light) 
 
6-12 Pale yellow-brownish to yellow pleochroic ppl. abundant tiny inclusions with varying 
density. 13-20 Pale yellow-brownish to yellow pleochroic ppl. 
21-23 Accessory, subhedral, occurs with accessory alkalic pyroxene. TiO2. and 
barite 24-26 Accessory, brownish-yellow ppl, alteration product? 
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Table 3 Carbonate analyses. 
1 2 3 4 5 6 7 8 9 10 
P3 P3 P3 P3 P4 P8 P9 Xe1 Xe1 Xe2 
Sample (R1_8) (R1_9) (R2_7) (R2_11) (R2_7) (R1_12) (R1_4) (R1_2) (R2_4) (R1_6) 
FeO 25.65 18.10 21.93 20.03 7.00 13.76 1.36 1.91 33.98 1.06 
MnO 0.00 0.00 1.18 1.21 3.98 1.49 0.00 0.00 1.24 1.82 
MgO 16.30 20.65 18.78 19.72 30.61 26.71 0.00 0.00 15.40 0.00 
CaO 58.04 60.86 58.11 59.05 58.41 57.46 98.64 98.09 49.37 97.12 
SrO 0.00 0.39 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
total 99.99 100.00 100.00 100.01 100.00 99.42 100.00 100.00 99.99 100.00 
The number of cations on the basis of 6 oxygen atoms 
Fe 0.51 0.36 0.44 0.40 0.14 0.28 0.03 0.04 0.68 0.02 
Mn 0.00 0.00 0.02 0.02 0.08 0.03 0.00 0.00 0.02 0.04 
Mg 0.33 0.41 0.38 0.39 0.61 0.53 0.00 0.00 0.31 0.00 
Ca 1.16 1.22 1.16 1.18 1.17 1.15 1.97 1.96 0.99 1.94 
Sr 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Total 2.00 2.00 2.00 2.00 2.00 1.99 2.00 2.00 2.00 2.00 
Mg/Ca 0.28 0.34 0.32 0.33 0.52 0.46 0.00 0.00 0.31 0.00 
Fe/Ca 0.44 0.30 0.38 0.34 0.12 0.24 0.01 0.02 0.69 0.01 
11 12 13 14 15 16 17 18 19 20 
Xe2 Xe3 Xe4 Xe4 Xe4 Xe4 Xe5 Xe5 Xe6 Xe7 
Sample (R2_1) (R2_3) (R1_5) (R1_7) (R2_5) (R3_4) (R1_2) (R2_2) (R1_1) (R1_2) 
FeO 0.00 0.00 32.98 32.47 34.97 3.41 26.66 29.26 0.91 0.00 
MnO 0.00 2.35 2.20 1.93 0.89 0.83 0.00 0.00 0.00 0.87 
MgO 0.00 0.00 13.33 12.74 15.29 0.00 17.98 15.35 0.00 0.00 
CaO 100.00 97.48 51.49 52.86 48.85 95.55 55.26 55.38 99.09 99.13 
SrO 0.00 0.18 0.00 0.00 0.00 0.20 0.10 0.00 0.00 0.00 
total 100.00 100.01 100.00 100.00 100.00 99.99 100.00 99.99 100.00 100.00 
The number of cations on the basis of 6 oxygen atoms 
Fe 0.00 0.00 0.66 0.65 0.70 0.07 0.53 0.59 0.02 0.00  
Mn 0.00 0.05 0.04 0.04 0.02 0.02 0.00 0.00 0.00 0.02  
Mg 0.00 0.00 0.27 0.25 0.31 0.00 0.36 0.31 0.00 0.00  
Ca 2.00 1.95 1.03 1.06 0.98 1.91 1.11 1.11 1.98 1.98  
Sr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00  
Total 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00  
Mg/Ca 0.00 0.00 0.26 0.24 0.31 0.00 0.33 0.28 0.00 0.00  
Fe/Ca - - 0.64 0.61 0.72 0.04 0.48 0.53 0.01 -  
21 22 23 24 25 26 27 28 29 30 31 
Xe7 Xe11 Xe12 Xe13 Xe13 Xe14 Xe15 Xe15 Xe15_2 Xe16 Xe16 
Sample (R2_1) (R1_4) (R2_1) (R1_8) (R3_2) (R1_6) (R2_2) (R4_6) (R1_1) (R1_4) (R4_4) 
FeO 0.73 0.00 0.00 26.95 28.64 11.84 0.00 0.00 0.00 0.00 0.00 
MnO 2.73 0.00 0.00 1.48 1.67 1.02 0.00 0.00 0.00 1.45 0.00 
MgO 1.02 0.39 0.00 17.17 19.38 27.91 0.00 0.00 0.00 0.00 0.34 
CaO 95.51 99.61 99.91 54.39 50.30 59.23 100.00 96.73 99.76 98.42 99.66 
SrO 0.00 0.00 0.09 0.00 0.00 0.00 0.00 3.27 0.24 0.13 0.00 
total 99.99 100.00 100.00 99.99 99.99 100.00 100.00 100.00 100.00 100.00 100.00 
The number of cations on the basis of 6 oxygen atoms 
Fe 0.01 0.00 0.00 0.54 0.57 0.24 0.00 0.00 0.00 0.00 0.00 
Mn 0.05 0.00 0.00 0.03 0.03 0.02 0.00 0.00 0.00 0.03 0.00 
Mg 0.02 0.01 0.00 0.34 0.39 0.56 0.00 0.00 0.00 0.00 0.01 
Ca 1.91 1.99 2.00 1.09 1.01 1.18 2.00 1.93 2.00 1.97 1.99 
Sr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.07 0.00 0.00 0.00 
Total 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 
Mg/Ca 0.01 0.00 0.00 0.32 0.39 0.47 0.00 0.00 0.00 0.00 0.00 
Fe/Ca 0.01 - - 0.64 1.48 0.42 - - - - -
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Table 4 Garnet analyses. 
1 2 3 4 5 6 7 8 9 10 
P7 P7 Xe4 Xe9 Xe9 Xe13 Xe13 Xe16 Xe16 Xe16 
Sample (R4_1) (R4_2) (R4_1) (R2_1) (R2_6) (R4_1) (R4_2) (R2_6) (R5_3) (R5_5) 
SiO2 40.76 40.74 39.00 39.12 39.08 39.28 39.34 39.72 39.95 39.90 
TiO2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Al2O3 22.20 21.65 20.63 21.32 21.19 22.21 22.05 22.14 21.65 21.85 
FeO 21.34 21.74 25.57 24.55 24.55 29.37 29.68 22.82 23.42 23.10 
MnO 0.94 1.10 4.51 4.50 4.95 0.42 0.00 0.81 1.09 1.06 
MgO 9.04 9.07 4.68 3.58 3.65 6.92 7.35 8.58 8.25 8.71 
CaO 5.72 5.70 5.61 6.93 6.58 1.81 1.58 5.93 5.64 5.38 
Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 
Number of cations on the basis of 24 oxygen atoms 
Si 6.15 6.17 6.13 6.14 6.14 6.08 6.09 6.05 6.11 6.08 
Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Al 3.95 3.86 3.82 3.94 3.92 4.05 4.02 3.98 3.90 3.93 
Fe(2+) 2.69 2.75 3.36 3.22 3.22 3.80 3.84 2.91 2.99 2.95 
Mn 0.12 0.14 0.60 0.60 0.66 0.05 0.00 0.10 0.14 0.14 
Mg 2.03 2.05 1.10 0.84 0.85 1.60 1.70 1.95 1.88 1.98 
Ca 0.92 0.92 0.95 1.16 1.11 0.30 0.26 0.97 0.92 0.88 
Total 15.87 15.90 15.96 15.89 15.90 15.89 15.90 15.96 15.94 15.95 
End-members per cent 
Pyp 35.24 34.91 18.29 14.38 14.61 28.34 29.25 32.87 31.65 33.31 
Alm 46.66 46.93 55.97 55.33 55.17 65.85 66.22 49.04 50.42 49.57 
Gro 16.02 15.76 15.75 20.01 18.95 5.82 4.52 16.32 15.55 14.80 
Spe 2.08 2.40 10.00 10.28 11.26 0.00 0.00 1.77 2.38 2.31 
Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 
11 12 13 14 15 16 17 18 19 20 
Xe15 Xe15 Xe15 Xe15 Xe15 Xe15 Xe15 Xe15 Xe15 Xe15 
Sample (R1_1) (R1_2) (R1_14) (R1_15) (R1_16) (R1_18) (R2_1) (R2_4) (R2_6) (R3_3) 
SiO2 36.12 27.91 37.10 33.71 31.79 32.41 30.37 27.44 31.09 31.81 
TiO2 4.65 16.79 3.90 3.09 4.21 3.38 12.19 15.78 12.58 9.81 
Al2O3 2.14 0.48 2.60 2.31 4.02 2.08 6.07 5.88 4.14 4.61 
FeO 22.75 18.35 22.44 24.50 23.95 25.44 17.81 17.53 18.18 19.90 
MnO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
MgO 0.78 1.24 0.64 0.31 0.50 0.22 0.43 0.36 1.07 0.61 
CaO 33.56 31.38 33.31 36.08 35.52 36.47 33.14 33.02 32.94 33.27 
ZrO2 0.00 3.85 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Total 100.00 100.00 100.00 100.00 100.00 100.00 100.01 100.00 100.00 100.00 
Number of cations on the basis of 24 oxygen atoms 
Si 6.23 5.05 6.36 5.96 5.62 5.79 5.18 4.72 5.31 5.47 
Ti 0.60 2.28 0.50 0.41 0.56 0.45 1.56 2.04 1.62 1.27 
Al 0.43 0.10 0.53 0.48 0.84 0.44 1.22 1.19 0.83 0.93 
Fe2+ 1.94 1.88 1.97 1.70 1.60 1.71 1.60 1.59 1.65 1.71 
Fe3+ 1.34 0.89 1.25 1.92 1.94 2.10 0.94 0.93 0.95 1.14 
Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Mg 0.20 0.33 0.16 0.08 0.13 0.06 0.11 0.09 0.27 0.16 
Ca 6.20 6.08 6.11 6.83 6.72 6.98 6.05 6.08 6.03 6.12 
Total 16.95 16.62 16.88 17.39 17.41 17.53 16.65 16.65 16.66 16.80 
End-members per cent 
Pyp 2.41 4.03 1.99 0.96 1.57 0.67 1.41 1.19 3.44 1.95 
Alm 23.22 22.66 23.85 19.77 18.93 19.49 20.58 20.46 20.76 21.44 
Gro 13.57 2.31 17.11 13.56 19.96 11.68 25.54 22.41 18.60 21.37 
Spe 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
And 60.80 71.00 57.05 65.70 59.54 68.15 52.46 55.93 57.21 55.25 
Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 
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 21 22 23 24 25 26 27 28 29 
Xe15 Xe15 Xe15 Xe15 Xe15 Xe15 Xe15 Xe15.2 Xe15.2 
Sample (R3_4) (R3_5) (R6_1) (R6_2) (R6_3) (R6_4) (R6_12) (R1_2) (R2_2) 
SiO2 30.06 28.14 23.11 23.93 34.88 35.64 32.40 27.94 31.07 
TiO2 12.59 15.23 18.57 17.35 0.81 0.00 4.53 18.47 13.71 
Al2O3 5.17 5.42 1.18 0.86 3.70 6.37 1.84 0.00 0.00 
FeO 18.44 17.78 18.93 20.47 23.14 19.99 25.00 19.05 21.62 
MnO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
MgO 0.00 0.53 1.06 0.74 0.25 0.00 0.40 0.98 0.00 
CaO 33.74 32.90 32.55 32.94 37.22 37.99 35.83 33.55 33.60 
ZrO2 0.00 0.00 4.60 3.71 0.00 0.00 0.00 0.00 0.00 
Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 
Number of cations on the basis of 24 oxygen atoms 
Si 5.16 4.84 4.32 4.45 6.11 6.11 5.77 4.89 5.45 
Ti 1.63 1.97 2.61 2.43 0.11 0.00 0.61 2.43 1.81 
Al 1.05 1.10 0.26 0.19 0.76 1.29 0.39 0.00 0.00 
Fe2+ 1.66 1.62 1.62 1.74 1.45 1.13 1.75 1.82 2.11 
Fe3+ 0.99 0.93 1.34 1.45 1.94 1.73 1.97 0.97 1.06 
Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Mg 0.00 0.13 0.30 0.21 0.07 0.00 0.11 0.26 0.00 
Ca 6.21 6.06 6.51 6.57 6.98 6.98 6.84 6.30 6.31 
Total 16.69 16.65 16.95 17.03 17.41 17.24 17.43 16.67 16.74 
End-members per cent 
Pyp 0.00 1.72 3.50 2.43 0.78 0.00 1.22 3.06 0.00 
Alm 21.06 20.75 19.20 20.43 17.04 13.98 20.18 21.77 25.02 
Gro 22.55 21.27 4.80 0.00 22.31 36.69 10.25 0.00 0.00 
Spe 0.00 0.00 0.00 3.59 0.00 0.00 0.00 0.00 0.00 
And 56.39 56.26 72.50 73.55 59.88 49.33 68.35 75.17 74.98 
Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 
 
KEY: Pyp=pyrope Alm=almandine Gro=grossulare Spe=spessartine And=andradite in molecular percentages. 
Oxide proportions are in weight percents End-members per cent = molecular proportion of the end-member. 
Analysis point in the core: 12,14,15,21,23.,24. In rim: 11,13,16,20,22. In colourless rim: 25,26,27. 
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4 5 6 7 8 9 10 
P3 P3 P3 P3 P3 P4 P6 
Table 5 Mica analyses. 
1 2 3 
P2  
Sample (R2_6) P3 (k2_1) P3 (k2_2) (R2_4) (R2_6) (R2_15) (R3_5) (R3_6) (R2_2) (R3_3) 
SiO2 39.49 43.35 43.03 42.63 42.52 41.97 42.43 41.28 40.50 37.43 
TiO2 3.74 10.70 11.69 10.67 11.24 11.05 8.98 8.86 3.03 2.01 
Al2O3 16.12 9.99 10.02 10.03 9.85 10.48 11.67 12.56 15.92 12.98 
FeO 16.19 9.34 9.78 10.11 10.22 11.11 7.64 7.45 12.93 30.03 
MnO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
MgO 14.73 14.36 13.80 14.18 13.81 13.41 19.22 19.42 17.75 7.03 
BaO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
K2O 9.72 12.27 11.68 12.38 12.36 11.98 10.06 10.43 9.86 10.52 
total 100.00 100.01 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 
Numbers of cations on the basis of 22 anions. 
Si 5.61 6.06 6.01 5.99 5.98 5.92 5.82 5.68 5.67 5.75 
Al (Z) 2.39 1.64 1.65 1.66 1.63 1.74 1.89 2.04 2.33 2.25 
Al (Y) 0.31 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.29 0.10 
Ti 0.40 1.12 1.23 1.13 1.19 1.17 0.93 0.92 0.32 0.23 
Fe(ii) 1.92 1.09 1.14 1.19 1.20 1.31 0.88 0.86 1.51 3.86 
Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Mg 3.12 2.99 2.87 2.97 2.90 2.82 3.93 3.98 3.70 1.61 
K 1.76 2.19 2.08 2.22 2.22 2.15 1.76 1.83 1.76 2.06 
Ba 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
total 15.52 15.09 14.98 15.16 15.12 15.12 15.19 15.30 15.58 15.87 
Mg# 61.86 73.27 71.56 71.43 70.67 68.27 81.77 82.29 71.00 29.45 
11 12 13 14 15 16 17 18 19 20 
P6 P8 P8 P8 P8 P8 P8 Xe11 Xe11 Xe11 
Sample (R4_1) (R1_6) (R1_7) (R2_6) (R4_12) (R5_10) (R5_11) (R1_5) (R2_1) (R2_2) 
SiO2 38.97 39.92 37.82 42.80 39.69 38.15 38.16 36.65 38.66 38.98 
TiO2 6.13 6.74 3.83 0.62 4.48 4.14 0.00 5.72 5.77 6.28 
Al2O3 12.34 10.01 8.05 12.73 8.20 8.56 16.09 7.35 14.69 14.43 
FeO 21.57 24.61 33.17 22.81 31.70 34.06 27.02 31.69 18.05 17.17 
MnO 0.00 0.42 0.99 0.00 0.00 0.00 0.93 0.82 0.00 0.00 
MgO 10.12 9.14 6.57 12.03 6.49 5.31 9.91 6.68 10.97 11.51 
BaO 0.00 0.00 9.57 9.02 9.44 9.77 7.90 11.09 11.86 11.62 
K2O 10.86 9.17 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 
Numbers of cations on the basis of 22 anions. 
Si 5.75 5.93 5.94 6.20 6.11 5.98 5.67 5.80 5.63 5.65 
Al (Z) 2.15 1.75 1.49 1.80 1.49 1.58 2.33 1.37 2.37 2.35 
Al (Y) 0.00 0.00 0.00 0.38 0.00 0.00 0.49 0.00 0.16 0.11 
Ti 0.68 0.75 0.45 0.07 0.52 0.49 0.00 0.68 0.63 0.68 
Fe(ii) 2.66 3.06 4.36 2.76 4.08 4.47 3.36 4.19 2.20 2.08 
Mn 0.00 0.05 0.13 0.00 0.00 0.00 0.12 0.11 0.00 0.00 
Mg 2.23 2.02 1.54 2.60 1.49 1.24 2.20 1.58 2.38 2.49 
K 2.04 1.74 1.92 1.67 1.86 1.95 1.50 2.24 2.20 2.15 
BaO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Total 15.52 15.31 15.82 15.48 15.55 15.72 15.67 15.96 15.57 15.51 
Mg# 45.55 39.42 25.53 48.46 26.73 21.76 38.73 26.81 52.01 54.44 
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21 22 23 24 25 26 
Xe11 Xe15 Xe15 Xe15 Xe15 Xe15 
Sample (R2_10) (R3_6) (R3_7) (R4_1) (R4_3) (R6_8) 
SiO2 36.83 38.88 37.92 40.48 39.98 42.19 
TiO2 5.90 0.00 0.00 1.74 1.63 0.00 
Al2O3 9.91 18.36 18.83 14.86 14.81 14.30 
FeO 30.35 7.48 6.71 12.50 13.44 12.91 
MnO 0.00 0.00 0.00 0.00 0.00 0.59 
MgO 5.78 22.52 22.78 18.91 19.64 17.46 
BaO 11.24 9.78 9.72 10.08 9.23 11.59 
K2O 0.00 2.98 4.04 1.43 1.28 0.96 
total 100.00 100.00 100.00 100.00 100.01 100.00 
Numbers of cations on the basis of 22 anions. 
Si 5.74 5.43 5.33 5.73 5.66 6.00 
Al (Z) 1.82 2.57 2.67 2.27 2.34 2.00 
Al (Y) 0.00 0.46 0.45 0.21 0.13 0.39 
Ti 0.69 0.00 0.00 0.19 0.17 0.00 
Fe(ii) 3.95 0.87 0.79 1.48 1.59 1.53 
Mn 0.00 0.00 0.00 0.00 0.00 0.07 
Mg 1.34 4.69 4.77 3.99 4.14 3.70 
K 2.23 1.74 1.74 1.82 1.67 2.10 
BaO 0.00 0.16 0.22 0.08 0.07 0.05 
Total 15.78 15.93 15.98 15.76 15.70 15.80 
Mg# 25.34 84.30 85.82 72.95 72.26 69.74 
KEY: Oxides in weight percentages. Al(Z)=aluminium in Z site. Al(Y)=aluminium in Y 
site. Mg#=magnesium ratio (Mg/(Mg+Fe+Mn 
Table 6 Plagioclase analyses. 
1 2 3 4 5 6 7 8 9 10 
P1 P1 P2 P2 P2 P2 P2 P6 P6 P6 
Sample (R2_1) (R2_6) (R1_1) (R1_4) (R2_2) (R3_2) (R3_3) (R1_4) (R1_5) (R4_4) 
SiO2 68.60 69.05 64.81 62.26 59.14 59.75 59.71 56.51 68.41 57.83 
Al2O3 19.36 19.38 27.30 26.02 28.55 25.63 25.56 26.45 25.21 26.29 
FeO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.40 0.00 0.00 
CaO 0.00 0.00 7.27 3.71 2.57 7.08 6.80 13.18 0.00 11.49 
Na2O 12.04 11.57 0.00 7.06 5.58 6.81 7.54 2.69 6.39 2.98 
K2O 0.00 0.00 0.62 0.95 4.16 0.73 0.39 0.78 0.00 1.41 
Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.01 100.00 
Number of cations on the basis of 32 oxygen atoms 
Si 11.99 12.04 9.45 10.95 10.54 10.65 10.65 10.20 10.00 10.38 
Al 3.99 3.98 7.96 5.39 6.00 5.39 5.37 5.62 7.37 5.56 
Fe 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.06 0.00 0.00 
Ca 0.00 0.00 1.06 0.70 0.49 1.35 1.30 2.55 0.00 2.21 
Na 4.08 3.91 0.00 2.41 1.93 2.35 2.61 0.94 1.87 1.04 
K 0.00 0.00 0.18 0.21 0.95 0.17 0.09 0.18 0.00 0.32 
Total 20.06 19.93 18.66 19.66 19.90 19.91 20.01 19.55 19.24 19.52 
End-members per cent 
An 0.00 0.00 100.00 21.05 14.58 34.91 32.50 69.49 0.00 61.90 
Ab 100.00 100.00 0.00 72.50 57.29 60.78 65.27 25.61 100.00 29.06 
Or 0.00 0.00 0.00 6.45 28.13 4.31 2.23 4.89 0.00 9.03 
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 11 12 13 14 15 16 17 18 19 20 
 P6 P6 P6 P7 P7 P7 P8 P8 P8 P8 
Sample (R4_6) (R4_7) (R4_8) (R2_1) (R2_3) (R3_9) (R1_5) (R2_1) (R4_9) (R4_10) 
SiO2 62.52 61.72 61.68 59.66 67.22 62.79 58.83 63.79 64.05 64.10 
Al2O3 23.79 24.31 24.12 27.74 18.98 23.95 27.51 22.75 24.12 22.65 
FeO 0.00 0.00 0.00 1.25 0.41 0.00  0.00 0.00 0.00 
CaO 9.20 9.67 9.94 0.62 1.87 2.43 1.15 3.75 0.65 3.13 
Na2O 3.91 3.69 3.70 5.46 11.36 8.10 12.22 9.11 6.29 9.17 
K2O 0.58 0.62 0.56 5.28 0.17 2.74 0.28 0.60 4.90 0.96 
Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.01 100.01 
Number of cations on the basis of 32 oxygen atoms 
Si 11.05 10.93 10.93 10.68 11.85 11.16 10.49 11.28 11.35 11.33 
Al 4.95 5.07 5.04 5.85 3.94 5.01 5.78 4.74 5.04 4.72 
Fe 0.00 0.00 0.00 0.19 0.06 0.00 0.00 0.00 0.00 0.00 
Ca 1.74 1.83 1.89 0.12 0.35 0.46 0.22 0.71 0.12 0.59 
Na 1.34 1.27 1.27 1.89 3.88 2.79 4.22 3.12 2.16 3.14 
K 0.13 0.14 0.13 1.21 0.04 0.62 0.06 0.14 1.11 0.22 
Total 19.21 19.24 19.25 19.94 20.13 20.04 20.77 19.98 19.77 19.99 
End-members per cent 
An 54.19 56.63 57.47 3.67 8.26 11.94 4.87 17.90 3.64 15.00 
Ab 41.71 39.07 38.66 58.83 90.85 72.05 93.70 78.69 63.71 79.52 
Or 4.10 4.30 3.87 37.50 0.89 16.01 1.43 3.41 32.65 5.48 
 
21 22 23 24 25 26 27 28 29 30 
 P9 P9 P9 P9 Xe1 Xe1 Xe1 Xe1 Xe1 Xe3 
Sample (R1_1) (R1_2) (R1_3) (R1_5) (R1_3) (R1_4) (R2_5) (R4_3) (R4_4) (R1_4) 
SiO2 64.33 65.73 67.04 65.52 62.13 62.44 66.31 59.13 63.93 63.11 
Al2O3 22.77 22.94 21.55 22.96 24.17 23.59 24.11 25.15 22.89 22.91 
FeO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.72 0.00 0.00 
CaO 4.59 0.88 1.88 1.12 5.59 5.56 0.00 7.29 3.58 4.16 
Na2O 7.51 8.25 8.97 8.36 7.42 7.65 8.03 7.21 8.93 8.54 
K2O 0.79 2.20 0.56 2.05 0.68 0.76 1.55 0.49 0.67 1.29 
Total 99.99 100.00 100.00 100.01 100.00 100.00 100.00 100.00 100.00 100.00 
Number of cations on the basis of 32 oxygen atoms 
Si 11.34 11.53 11.71 11.50 11.01 11.07 11.53 10.60 11.29 11.20 
Al 4.73 4.74 4.44 4.75 5.05 4.93 4.94 5.32 4.76 4.79 
Fe 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.11 0.00 0.00 
Ca 0.87 0.17 0.35 0.21 1.06 1.06 0.00 1.40 0.68 0.79 
Na 2.57 2.81 3.04 2.85 2.55 2.63 2.71 2.51 3.06 2.94 
K 0.18 0.49 0.12 0.46 0.15 0.17 0.34 0.11 0.15 0.29 
Total 19.67 19.74 19.66 19.77 19.82 19.86 19.52 20.05 19.94 20.02 
End-members per cent 
An 24.01 4.78 10.01 5.99 28.19 27.36 0.00 34.83 17.41 19.67 
Ab 71.08 81.01 86.44 80.95 67.70 68.20 88.75 62.36 78.71 73.08 
Or 4.92 14.21 3.55 13.06 4.11 4.44 11.25 2.81 3.88 7.25 
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 31 32 33 34 35 36 37 38 39 40 
 Xe3 Xe3 Xe3 Xe4 Xe4 Xe4 Xe4 Xe4 Xe4 Xe5 
Sample (R1_5) (R3_2) (R3_3) (R1_1) (R1_2) (R2_1) (R2_2) (R3_6) (R3_7) (R1_5) 
SiO2 64.27 63.86 63.55 62.55 62.32 67.32 62.17 67.77 65.91 60.79 
Al2O3 22.81 22.78 22.81 23.75 23.71 21.06 23.77 20.58 22.07 25.06 
FeO 0.42 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
CaO 1.01 3.83 4.26 5.16 4.84 0.45 5.23 0.00 1.34 6.13 
Na2O 7.13 8.82 8.58 7.95 8.54 10.36 7.87 10.85 9.49 7.20 
K2O 4.35 0.71 0.81 0.59 0.59 0.81 0.96 0.80 1.20 0.82 
Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.01 100.00 
Number of cations on the basis of 32 oxygen atoms 
Si 11.43 11.28 11.25 11.08 11.05 11.78 11.04 11.85 11.57 10.81 
Al 4.78 4.74 4.76 4.96 4.96 4.34 4.97 4.24 4.57 5.25 
Fe 0.06 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Ca 0.19 0.73 0.81 0.98 0.92 0.08 0.99 0.00 0.25 1.17 
Na 2.46 3.02 2.94 2.73 2.94 3.51 2.71 3.68 3.23 2.48 
K 0.99 0.16 0.18 0.13 0.13 0.18 0.22 0.18 0.27 0.19 
Total 19.91 19.93 19.94 19.88 20.00 19.90 19.94 19.95 19.89 19.90 
End-members per cent 
An 5.30 18.58 20.53 25.48 23.05 2.23 25.37 0.00 6.72 30.43 
Ab 67.55 77.31 74.82 71.05 73.60 92.98 69.09 95.37 86.12 64.71 
Or 27.14 4.11 4.64 3.47 3.35 4.78 5.54 4.63 7.16 4.86 
 
41 42 43 44 45 46 47 48 49 50 
 Xe6 Xe6 Xe6 Xe6 Xe6 Xe9 Xe9 Xe9 Xe9 Xe10 
Sample (R1_3) (R1_4) (R1_5) (R2_1) (R2_2) (R1_3) (R1_4) (R2_7) (R3_2) (R1_1) 
SiO2 66.09 64.06 64.50 64.28 68.29 61.80 64.83 65.86 66.64 61.91 
Al2O3 21.29 22.58 22.32 22.32 20.37 23.71 22.65 22.73 23.02 24.17 
FeO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.34 0.00 0.00 
CaO 1.25 3.12 3.19 3.18 0.42 5.83 1.69 0.00 0.00 5.20 
Na2O 10.86 9.21 9.77 9.89 10.74 8.65 9.84 9.18 9.32 7.88 
K2O 0.51 1.03 0.23 0.33 0.18 0.00 0.99 1.88 1.01 0.84 
Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 
Number of cations on the basis of 32 oxygen atoms 
Si 11.62 11.33 11.37 11.35 11.90 10.98 11.42 11.56 11.61 10.99 
Al 4.41 4.71 4.64 4.65 4.18 4.96 4.70 4.70 4.73 5.06 
Fe 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.05 0.00 0.00 
Ca 0.23 0.59 0.60 0.60 0.08 1.11 0.32 0.00 0.00 0.99 
Na 3.70 3.16 3.34 3.39 3.63 2.98 3.36 3.13 3.15 2.71 
K 0.11 0.23 0.05 0.07 0.04 0.00 0.22 0.42 0.22 0.19 
Total 20.08 20.01 20.00 20.06 19.84 20.03 20.02 19.86 19.71 19.93 
End-members per cent 
An 5.80 14.85 15.08 14.80 2.11 27.14 8.18 0.00 0.00 25.43 
Ab 91.37 79.32 83.64 83.38 96.84 72.86 86.13 88.13 93.33 69.65 
Or 2.83 5.84 1.28 1.82 1.05 0.00 5.69 11.87 6.67 4.91 
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 51 52 53 54 55 56 57 58 59 60 
 Xe10 Xe10 Xe10 Xe10 Xe10 Xe10 Xe10 Xe11_2( Xe11_2( Xe11_2( 
Sample (R2_7) (R2_9) (R3_2) (R4_1) (R4_2) (R4_6) (R5_5) R1_1) R1_2) R1_3) 
SiO2 61.69 54.66 61.56 61.86 61.60 61.72 63.15 62.50 65.56 67.38 
Al2O3 24.20 28.71 24.19 24.09 24.16 24.16 23.19 26.18 22.38 22.24 
FeO 0.00 0.63 0.00 0.00 0.00 0.00 0.39 0.00 0.00 0.00 
CaO 5.42 11.13 5.43 5.66 5.56 5.48 6.60 0.70 4.14 0.99 
Na2O 7.98 4.56 8.05 7.65 7.87 7.82 5.84 10.62 7.01 7.23 
K2O 0.71 0.32 0.76 0.74 0.82 0.82 0.84 0.00 0.92 2.16 
Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 
Number of cations on the basis of 32 oxygen atoms 
Si 10.96 9.87 10.94 10.98 10.95 10.97 11.17 10.97 11.50 11.75 
Al 5.07 6.11 5.07 5.04 5.06 5.06 4.83 5.41 4.62 4.57 
Fe 0.00 0.10 0.00 0.00 0.00 0.00 0.06 0.00 0.00 0.00 
Ca 1.03 2.15 1.03 1.08 1.06 1.04 1.25 0.13 0.78 0.18 
Na 2.75 1.60 2.77 2.63 2.71 2.69 2.00 3.61 2.38 2.44 
K 0.16 0.07 0.17 0.17 0.19 0.19 0.19 0.00 0.21 0.48 
Total 19.96 19.90 20.00 19.90 19.97 19.94 19.51 20.13 19.49 19.43 
End-members per cent 
An 26.17 56.32 25.98 27.75 26.74 26.61 36.33 3.52 23.09 5.95 
Ab 69.73 41.77 69.66 67.92 68.56 68.67 58.17 96.48 70.80 78.63 
Or 4.10 1.91 4.35 4.34 4.69 4.72 5.50 0.00 6.11 15.43 
 
61 62 63 64 65 
     
 
Sample 
Xe16 
(R1_2) 
Xe16 
(R1_6) 
Xe16 
(R2_7) 
Xe16 
(R2_8) 
Xe16 
(R5_6) 
     
SiO2 62.73 62.87 62.67 62.51 63.61      
Al2O3 23.37 23.26 23.46 23.37 23.55      
FeO 0.00 0.00 0.00 0.00 0.00      
CaO 4.12 4.07 4.34 4.28 4.61      
Na2O 8.13 8.19 7.68 8.16 8.23      
K2O 1.65 1.62 1.86 1.67 0.00      
Total 100.00 100.00 100.00 100.00 100.00      
Number of cations on the basis of 32 oxygen atoms 
Si 11.14 11.17 11.14 11.12 11.20 
Al 4.89 4.87 4.91 4.90 4.89 
Fe 0.00 0.00 0.00 0.00 0.00 
Ca 0.78 0.77 0.83 0.82 0.87 
Na 2.80 2.82 2.64 2.81 2.81 
K 0.37 0.37 0.42 0.38 0.00 
Total 20.00 19.99 19.94 20.03 19.76 
End-members per cent 
An 19.80 19.57 21.21 20.34 23.62 
Ab 70.73 71.16 67.97 70.20 76.38 
Or 9.47 9.27 10.82 9.46 0.00 
KEY An=CaAl2Si2O8 Ab=NaAlSi3O8 Or=KAlSi3O8. The oxides are in weight percentages. 
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Table 7 Potassium feldspar analyses. 
1 2 3 4 5 6 7 8 9 10 
P1 P1 P1 P1 P2 P3 P5 P5 P5 P5 
Sample (R1_1) (R2_2) (R3_1) (R3_3) (R1_5) (R1_4) (R2_3) (R2_6) (R2_9) (R3_4) 
SiO2 65.2 66.0 65.8 65.7 58.7 64.2 65.9 65.6 65.9 65.6 
Al2O3 18.9 18.2 18.7 18.8 15.6 15.4 16.7 17.1 18.7 19.2 
FeO 0.0 0.0 0.0 0.0 0.0 2.1 2.0 1.5 0.0 0.0 
CaO 0.0 0.0 0.0 0.0 0.3 0.0 0.0 0.0 0.0 0.0 
Na2O 0.3 0.3 0.0 0.3 0.3 0.0 0.6 0.8 1.1 2.0 
K2O 15.6 15.5 15.6 15.2 25.2 18.2 14.9 15.0 14.3 13.2 
Total 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 
Number of cations on the basis of 32 oxygen atoms 
Si 12.0 12.1 12.1 12.0 11.6 12.2 12.2 12.1 12.1 12.0 
Al 4.1 3.9 4.0 4.1 3.6 3.4 3.6 3.7 4.0 4.1 
Fe 0.0 0.0 0.0 0.0 0.0 0.3 0.3 0.2 0.0 0.0 
Ca 0.0 0.0 0.0 0.0 0.1 0.0 0.0 0.0 0.0 0.0 
Na 0.1 0.1 0.0 0.1 0.1 0.0 0.2 0.3 0.4 0.7 
K 3.7 3.6 3.6 3.6 6.4 4.4 3.5 3.5 3.3 3.1 
Total 19.8 19.8 19.7 19.8 21.8 20.3 19.9 19.9 19.8 19.9 
End-members per cent 
An 0.0 0.0 0.0 0.0 0.9 0.0 0.0 0.0 0.0 0.0 
Ab 2.5 2.6 0.0 3.1 1.6 0.0 5.7 7.2 10.1 18.9 
Or 97.5 97.4 100.0 96.9 97.5 100.0 94.3 92.8 89.9 81.1 
11 12 13 14 15 16 17 18 19 20 
P8 P8 P8 Xe1 Xe2 Xe2 Xe2 Xe2 Xe2 Xe3 
Sample (R3_7) (R4_1) (R4_2) (R1_5) (R1_1) (R1_3) (R1_4) (R1_7) (R2_4) (R2_1) 
SiO2 65.3 65.0 65.5 72.3 66.8 66.5 66.8 66.9 66.8 67.1 
Al2O3 18.6 20.6 19.5 15.0 18.7 19.1 18.9 18.9 18.8 18.7 
FeO 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
CaO 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Na2O 0.4 0.4 0.3 0.5 4.3 3.9 4.2 4.6 4.5 3.7 
K2O 15.8 14.1 14.7 12.2 10.2 10.5 10.0 9.6 9.9 10.6 
Total 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 
Number of cations on the basis of 32 oxygen atoms 
Si 12.0 11.8 12.0 12.9 12.1 12.0 12.0 12.0 12.0 12.1 
Al 4.0 4.4 4.2 3.2 4.0 4.1 4.0 4.0 4.0 4.0 
Fe 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Ca 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Na 0.1 0.1 0.1 0.2 1.5 1.4 1.5 1.6 1.6 1.3 
K 3.7 3.3 3.4 2.8 2.3 2.4 2.3 2.2 2.3 2.4 
Total 19.9 19.7 19.7 19.0 19.9 19.9 19.8 19.8 19.9 19.8 
End-members per cent 
An 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Ab 3.4 3.7 3.3 5.3 39.2 36.2 39.1 42.0 40.7 34.5 
Or 96.6 96.3 96.7 94.7 60.8 63.8 60.9 58.0 59.3 65.5 
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 21 22 23 24 25 26 27 28 29 30 
 Xe3 Xe4 Xe4 Xe5 Xe6 Xe6 Xe7 Xe7 Xe7 Xe7 
Sample (R2_2) (R3_5) (R1_6) (R2_1) (R1_2) (R2_3) (R1_3) (R2_3) (R2_5) (R2_7) 
SiO2 65.8 65.9 66.2 66.8 65.9 67.2 65.7 66.5 66.8 69.3 
Al2O3 18.7 18.5 18.6 18.5 18.4 18.8 18.6 18.9 18.7 16.7 
FeO 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
CaO 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Na2O 1.6 0.0 1.2 2.2 0.4 4.7 0.4 2.5 3.6 0.3 
K2O 13.9 15.6 14.0 12.5 15.3 9.3 15.4 12.1 11.0 13.8 
Total 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 
Number of cations on the basis of 32 oxygen atoms 
Si 12.0 12.1 12.1 12.1 12.1 12.1 12.1 12.1 12.1 12.5 
Al 4.0 4.0 4.0 4.0 4.0 4.0 4.0 4.0 4.0 3.6 
Fe 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Ca 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Na 0.6 0.0 0.4 0.8 0.1 1.6 0.1 0.9 1.2 0.1 
K 3.2 3.6 3.3 2.9 3.6 2.1 3.6 2.8 2.5 3.2 
Total 19.9 19.7 19.8 19.7 19.8 19.8 19.8 19.8 19.8 19.3 
End-members per cent         
An 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Ab 14.6 0.0 11.4 20.7 3.6 43.3 3.7 24.0 33.0 2.8 
Or 85.4 100.0 88.6 79.3 96.4 56.7 96.3 76.0 67.0 97.2 
 
31 32 33 34 35 36 37 38 39 40 
 Xe12 Xe12 Xe13 Xe13 Xe14 Xe14 Xe14 Xe14 Xe15 Xe15 
Sample (R1_1) (R2_2) (R2_8) (R3_5) (R1_2) (R1_8) (R3_2) (R3_3) (R1_11) (R2_3) 
SiO2 66.3 66.3 66.5 66.5 66.4 66.0 66.3 66.1 65.8 65.5 
Al2O3 18.5 18.4 18.3 20.0 15.4 18.2 16.7 17.9 18.1 17.8 
FeO 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
CaO 0.0 0.0 0.0 0.0 2.4 0.0 1.7 0.6 0.0 0.0 
Na2O 1.8 2.1 0.0 2.9 0.3 0.4 0.3 0.2 0.0 0.7 
K2O 13.4 13.1 15.3 10.7 15.5 15.4 15.0 15.1 16.1 16.1 
Total 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 
Number of cations on the basis of 32 oxygen atoms 
Si 12.1 12.1 12.2 12.0 12.3 12.1 12.2 12.1 12.1 12.1 
Al 4.0 4.0 3.9 4.2 3.4 3.9 3.6 3.9 3.9 3.9 
Fe 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Ca 0.0 0.0 0.0 0.0 0.5 0.0 0.3 0.1 0.0 0.0 
Na 0.7 0.7 0.0 1.0 0.1 0.1 0.1 0.1 0.0 0.2 
K 3.1 3.1 3.6 2.5 3.6 3.6 3.5 3.5 3.8 3.8 
Total 19.8 19.8 19.7 19.7 19.9 19.8 19.8 19.7 19.8 20.0 
End-members per cent 
An 0.0 0.0 0.0 0.0 11.1 0.0 8.5 3.4 0.0 0.0 
Ab 17.3 19.6 0.0 28.8 2.9 3.3 2.9 1.9 0.0 6.0 
Or 82.7 80.4 100.0 71.2 86.0 96.7 88.6 94.7 100.0 94.0 
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Sample 
41 
Xe15 
(R2_3) 
42 
Xe15 
(R3_1) 
43 
Xe15 
(R3_2) 
44 
Xe15_2 
(R4_1) 
SiO2 65.5 65.9 65.9 65.4 
Al2O3 17.8 18.4 18.7 17.3 
FeO 0.0 0.0 0.0 0.0 
CaO 0.0 0.0 0.0 0.0 
Na2O 0.7 0.0 0.0 0.2 
K2O 16.1 15.7 15.5 17.0 
Total 100.0 100.0 100.0 100.0 
Number of cations on the basis of 32 oxygen 
atoms 
Si 12.1 12.1 12.1 12.1 
Al 3.9 4.0 4.0 3.8 
Fe 0.0 0.0 0.0 0.0 
Ca 0.0 0.0 0.0 0.0 
Na 0.2 0.0 0.0 0.1 
K 3.8 3.7 3.6 4.0 
Total 20.0 19.8 19.7 20.0 
End-members per cent 
An 0.0 0.0 0.0 0.0 
Ab 6.0 0.0 0.0 2.2 
Or 94.0 100.0 100.0 97.8 
KEY An=CaAl2Si2O8 Ab=NaAlSi3O8 Or=KAlSi3O8. The oxides are in weight percentages 
Table 8 Symplectic feldspar analyses. 
1 2 3 4 5 6 7 8 9 10 
P4 P7 P7 P8 P8 Xe10 Xe10 Xe11 Xe11_2 Xe16 
Sample (R2_4) (R2_5) (R2_7) (R4_15) (R5_3) (R2_2) (R4_4) (R1_7) (R2_2) (R2_2) 
SiO2 56.05 56.34 64.60 60.62 62.20 55.17 65.10 66.14 58.75 66.33 
Al2O3 32.92 29.10 20.06 26.21 28.30 28.04 19.28 26.26 26.36 19.09 
FeO 0.94 1.52 0.00 0.71 0.00 1.15 0.68 0.00 0.72 0.00 
CaO 2.03 0.00 0.87 1.84 1.40 9.99 0.68 0.91 8.93 0.00 
Na2O 6.76 0.29 1.41 10.38 8.20 4.93 3.72 6.69 5.00 3.59 
K2O 1.31 12.76 13.06 0.23 0.00 0.73 10.55 0.00 0.25 10.99 
Total 100.00 100.00 100.00 99.99 100.10 100.00 100.00 100.00 100.00 100.00 
Number of cations on the basis of 32 oxygens 
Si 9.93 10.37 11.79 10.76 10.82 9.98 11.84 11.37 10.49 12.00 
Al 6.87 6.31 4.32 5.48 5.80 5.98 4.13 5.32 5.55 4.07 
Fe 0.14 0.23 0.00 0.11 0.00 0.17 0.10 0.00 0.11 0.00 
Ca 0.39 0.00 0.17 0.35 0.26 1.94 0.13 0.17 1.71 0.00 
Na 2.32 0.10 0.50 3.57 2.77 1.73 1.31 2.23 1.73 1.26 
K 0.30 3.00 3.04 0.05 0.00 0.17 2.45 0.00 0.06 2.54 
Total 19.94 20.02 19.82 20.31 19.66 19.97 19.97 19.09 19.63 19.86 
End-members per cent 
An 12.85 0.00 4.59 8.80 8.62 50.51 3.39 6.96 48.87 0.00 
Ab 77.31 3.34 13.49 89.88 91.38 45.11 33.73 93.04 49.52 33.19 
Or 9.84 96.66 81.92 1.31 0.00 4.38 62.89 0.00 1.62 66.81 
11 12 13 
Sample 
P4 
(R2_11) 
Xe11 
(R5_12) 
Xe11 
(R5_25) 
SiO2 50.25 55.94 53.08 
Al2O3 34.49 25.89 29.41 
FeO 2.85 5.57 3.44 
MgO 2.91 1.42 1.29 
CaO 1.31 0.00 0.63 
Na2O 3.37 0.39 0.65 
K2O 4.81 10.80 11.49 
Total 100.00 100.00 100.00 
Oxides in weight percentages. 
Analyses represent vermicular intergrowths occuring in/with clinopyroxene. Pyroxene in analysis 
6 is exceptionally orthopyroxene which is enclosed by opaque mineral. Analyses 11–13 contain 
magnesium propably because the analysed area has been too narrow and the beam (1µm) has 
hit the pyroxene. 
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Table 9 Pyroxene analyses. 
1 2 3 4 5 6 7 8 9 10 
P2 P2 P2 P2 P2 P3 P3 P3 P3 
Sample (R2_1) (R2_3) (R2_4) (R2_5) (R3_1) (R1_1) (R1_2) (k3_1) P3 (k3_2) (R2_2) 
SiO2 55.63 53.06 54.46 52.44 53.14 55.60 54.86 55.00 55.90 54.60 
TiO2 0.00 0.00 0.00 0.00 0.00 0.00 1.17 1.10 0.00 1.70 
Al2O3 0.00 1.26 2.62 1.55 1.34 0.00 0.00 0.00 0.00 0.00 
Cr2O3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
FeO 9.37 25.18 9.96 27.15 24.87 7.00 6.37 6.80 6.45 6.80 
MnO 0.00 0.77 0.00 0.00 0.77 0.00 0.00 0.00 0.00 0.00 
MgO 13.33 19.34 12.73 17.72 19.30 12.40 12.08 12.30 13.23 11.70 
CaO 21.66 0.39 20.24 1.15 0.58 25.00 25.52 24.80 24.42 25.20 
Na2O 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
K2O 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 
Number of cations on the basis of 6 oxygens 
Si 2.06 2.00 2.01 1.99 2.00 2.06 2.03 2.03 2.06 2.02 
Al (T) 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 
Al (M1) 0.00 0.05 0.11 0.06 0.06 0.00 0.00 0.00 0.00 0.00 
Fe(3+) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.03 0.03 0.00 0.05 
Fe(2+) 0.29 0.80 0.31 0.87 0.79 0.22 0.20 0.21 0.20 0.21 
Mn 0.00 0.02 0.00 0.00 0.02 0.00 0.00 0.00 0.00 0.00 
Mg 0.74 1.09 0.70 1.00 1.08 0.68 0.67 0.68 0.73 0.65 
Ca 0.86 0.02 0.80 0.05 0.02 0.99 1.01 0.98 0.96 1.00 
Na 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
K 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
total 3.95 3.98 3.94 3.98 3.98 3.95 3.94 3.94 3.95 3.93 
Mg# 71.72 57.05 69.51 53.78 57.29 75.95 77.17 76.33 78.53 75.42 
Per cent end-members 
Wo 45.48 0.81 44.13 2.43 1.23 52.31 53.78 52.42 50.78 53.75 
En 38.94 56.43 38.63 52.31 56.42 36.10 35.51 36.18 38.52 34.73 
Fs 15.58 42.75 17.24 45.26 42.36 11.59 10.70 11.40 10.71 11.53 
Ae 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 
11 12 13 14 15 16 17 18 19 20 
P3 P3 P3 P4 P4 P4 P5 P5 P5 P6 
Sample (R2_3) (R3_1) (R3_3) (R2_3) (R2_10) (R3_2) (R4_3) (R4_5) (R5_3) (R1_2) 
SiO2 55.20 55.08 55.61 51.88 52.27 54.09 45.04 45.79 51.47 51.08 
TiO2 1.30 1.27 1.05 0.55 0.54 0.00 0.00 0.00 0.00 0.54 
Al2O3 0.00 0.66 0.00 4.59 4.33 2.87 11.36 10.18 10.19 3.28 
Cr2O3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
FeO 6.80 6.45 7.18 8.48 8.60 6.55 32.10 31.80 23.48 12.53 
MnO 0.00 0.00 0.00 0.00 0.00 0.00 0.65 0.82 0.00 0.00 
MgO 12.20 15.67 15.68 12.95 12.37 13.94 10.86 11.05 14.58 8.50 
CaO 24.50 20.31 20.49 20.98 20.88 21.84 0.00 0.35 0.28 24.07 
Na2O 0.00 0.57 0.00 0.57 1.01 0.70 0.00 0.00 0.00 0.00 
K2O 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
total 100.00 100.01 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 
Number of cations on basis of 6 oxygens 
Si 2.04 2.01 2.03 1.92 1.94 1.98 1.76 1.79 1.90 1.94 
Al (T) 0.00 0.00 0.00 0.08 0.06 0.02 0.24 0.21 0.10 0.06 
Al (M1) 0.00 0.03 0.00 0.12 0.13 0.11 0.28 0.26 0.34 0.09 
Fe(3+) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Ti 0.04 0.03 0.03 0.02 0.02 0.00 0.00 0.00 0.00 0.02 
Fe(2+) 0.21 0.20 0.22 0.26 0.27 0.20 1.05 1.04 0.75 0.40 
Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.03 0.00 0.00 
Mg 0.67 0.85 0.85 0.71 0.68 0.76 0.63 0.64 0.80 0.48 
Ca 0.97 0.79 0.80 0.83 0.83 0.86 0.00 0.01 0.01 0.98 
Na 0.00 0.04 0.00 0.04 0.07 0.05 0.00 0.00 0.00 0.00 
K 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
total 3.93 3.96 3.94 3.99 3.99 3.98 3.99 3.98 3.90 3.97 
Mg# 76.18 81.24 79.57 73.15 71.93 79.14 37.15 37.65 52.54 54.74 
Per cent end-members 
Wo 52.26 41.98 42.68 44.95 44.77 45.83 0.00 0.85 0.71 52.59 
En 36.21 45.18 45.46 38.61 36.89 40.71 37.04 37.21 51.41 25.86 
Fs 11.54 10.59 11.86 14.23 14.43 10.79 62.96 61.94 47.88 21.55 
Ae 0.00 2.25 0.00 2.21 3.91 2.67 0.00 0.00 0.00 0.00 
total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 
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 21 22 23 24 25 26 27 28 29 30 
 P6 P6 P6 P7 P7 P7 P7 P7 P8 P8 
Sample (R1_3) (R4_2) (R4_5) (R2_4) (R2_6) (R2_9) (R3_5) (R3_7) (R1_1) (R1_2) 
SiO2 51.21 51.17 51.66 52.77 53.44 52.49 52.09 51.34 50.25 53.87 
TiO2 0.43 1.02 0.00 0.80 0.56 0.57 0.79 0.94 1.49 0.94 
Al2O3 2.58 2.05 2.49 3.15 2.70 4.30 6.29 4.97 5.59 0.15 
Cr2O3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
FeO 11.56 10.98 11.13 10.47 9.13 8.68 10.97 10.79 10.18 18.33 
MnO 0.42 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.45 
MgO 8.71 10.02 9.17 13.65 13.79 14.17 11.27 11.80 10.75 6.53 
CaO 25.10 24.76 25.55 19.16 20.38 19.79 16.62 20.16 21.74 14.91 
Na2O 0.00 0.00 0.00 0.00 0.00 0.00 1.97 0.00 0.00 4.82 
K2O 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 
Number of cations on basis of 6 oxygens 
Si 1.95 1.94 1.96 1.96 1.97 1.93 1.93 1.91 1.88 2.08 
Al (T) 0.05 0.06 0.04 0.04 0.03 0.07 0.07 0.09 0.01 0.00 
Al (M1) 0.07 0.03 0.07 0.09 0.09 0.12 0.20 0.13 0.23 0.01 
Fe(3+) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.21 
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Ti 0.01 0.03 0.00 0.02 0.02 0.02 0.02 0.03 0.04 0.03 
Fe(2+) 0.37 0.35 0.35 0.33 0.29 0.27 0.34 0.34 0.32 0.37 
Mn 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 
Mg 0.49 0.57 0.52 0.75 0.76 0.78 0.62 0.66 0.60 0.38 
Ca 1.02 1.01 1.04 0.76 0.81 0.78 0.66 0.80 0.87 0.62 
Na 0.00 0.00 0.00 0.00 0.00 0.00 0.14 0.00 0.00 0.36 
K 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
total 3.98 3.98 3.98 3.96 3.96 3.96 3.99 3.96 3.96 4.06 
Mg# 56.44 61.94 59.50 69.92 72.93 74.44 64.69 66.09 65.31 38.25 
Per cent end-members 
Wo 53.85 52.35 54.32 41.28 43.56 42.70 37.38 44.70 48.60 31.63 
En 25.99 29.47 27.13 40.91 41.03 42.54 35.28 36.40 33.44 19.27 
Fs 20.16 18.18 18.55 17.81 15.41 14.76 19.33 18.90 17.96 30.58 
Ae 0.00 0.00 0.00 0.00 0.00 0.00 8.01 0.00 0.00 18.52 
total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 
 
31 32 33 34 35 36 37 38 39 40 
 P8 P8 P8 P8 P8 P8 P8 P9 Xe2 Xe9 
Sample (R1_3) (R1_4) (R1_11) (R2_2) (R4_16) (R4_19) (R5_2) (R2_1) (R1_5) (R1_5) 
SiO2 53.43 53.45 53.84 51.88 52.98 51.88 51.80 65.68 53.54 56.48 
TiO2 2.89 1.37 2.05 0.77 0.67 0.63 1.00 0.00 3.59 0.86 
Al2O3 0.91 1.25 0.40 3.21 2.77 3.34 3.60 21.09 0.00 0.00 
Cr2O3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
FeO 17.64 17.18 20.77 11.26 10.46 12.37 9.80 1.80 26.92 28.31 
MnO 0.00 0.00 0.00 0.55 0.00 0.00 0.00 0.00 0.00 0.00 
MgO 5.92 7.23 4.59 12.17 12.01 11.63 11.70 0.00 6.66 0.00 
CaO 13.24 16.02 10.81 19.58 21.11 19.48 22.10 0.62 0.69 1.58 
Na2O 5.98 3.51 7.54 0.58 0.00 0.67 0.00 7.79 6.78 12.77 
K2O 0.00 0.00 0.00 0.00 0.00 0.00 0.00 3.02 1.82 0.00 
total 100.00 100.01 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 
Number of cations on basis of 6 oxygens 
Si 2.05 2.04 2.09 1.94 1.97 1.95 1.93 2.19 2.09 2.23 
Al (T) 0.00 0.00 0.00 0.06 0.03 0.00 0.07 0.00 0.00 0.00 
Al (M1) 0.04 0.06 0.02 0.09 0.09 0.15 0.09 0.83 0.00 0.00 
Fe(3+) 0.20 0.05 0.36 0.00 0.00 0.00 0.00 0.00 0.30 0.66 
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Ti 0.08 0.04 0.06 0.02 0.02 0.02 0.03 0.00 0.11 0.03 
Fe(2+) 0.35 0.49 0.29 0.35 0.33 0.39 0.31 0.05 0.56 0.22 
Mn 0.00 0.00 0.00 0.02 0.00 0.00 0.00 0.00 0.00 0.00 
Mg 0.34 0.41 0.27 0.68 0.67 0.65 0.65 0.00 0.39 0.00 
Ca 0.54 0.66 0.45 0.79 0.84 0.78 0.88 0.02 0.03 0.07 
Na 0.44 0.26 0.57 0.04 0.00 0.05 0.00 0.50 0.51 0.98 
K 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.13 0.09 0.00 
total 4.06 4.02 4.10 3.99 3.95 3.99 3.96 3.72 4.08 4.18 
Mg# 37.46 42.87 28.28 64.74 67.18 62.63 68.04 0.00 30.62 0.00 
Per cent end-members 
Wo 28.88 34.99 23.23 41.72 45.77 42.04 47.93 3.83 1.61 3.48 
En 17.98 21.98 13.72 36.13 36.22 35.10 35.31 0.00 21.71 0.00 
Fs 29.53 29.16 33.76 19.84 18.01 20.10 16.76 9.31 47.97 45.82 
Ae 23.61 13.87 29.29 2.31 0.00 2.77 0.00 86.86 28.71 50.70 
total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 
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 41 42 43 44 45 46 47 48 49 50 
 Xe9 Xe9 Xe10 Xe10 Xe10 Xe10 Xe10 Xe10 Xe11 Xe11 
Sample (R3_3) (R3_5) (R2_1) (R2_3) (R2_6) (R3_1) (R4_3) (R4_5) (R4_19) (R5_11) 
SiO2 55.97 55.69 50.36 50.56 52.05 52.20 53.56 52.68 48.00 50.55 
TiO2 1.84 0.58 0.58 0.00 0.86 0.55 0.72 0.60 2.00 1.11 
Al2O3 0.00 0.00 8.73 7.96 5.77 5.84 3.48 5.63 5.90 3.35 
Cr2O3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
FeO 28.24 29.48 15.71 16.44 11.21 11.17 11.43 10.77 10.80 9.59 
MnO 0.00 0.00 0.00 0.48 0.00 0.00 0.00 0.00 0.00 0.00 
MgO 0.00 0.00 23.60 23.55 12.19 12.25 12.50 12.28 8.00 9.56 
CaO 0.00 0.44 1.02 1.01 16.68 16.72 17.00 16.95 24.90 25.83 
Na2O 13.95 13.80 0.00 0.00 1.24 1.27 1.31 1.10 0.40 0.00 
K2O 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 99.99 
Number of cations on basis of 6 oxygens 
Si 2.21 2.22 1.82 1.83 1.93 1.93 1.98 1.94 1.83 1.91 
Al (T) 0.00 0.00 0.18 0.17 0.07 0.07 0.02 0.06 0.17 0.09 
Al (M1) 0.00 0.00 0.19 0.17 0.18 0.18 0.14 0.19 0.09 0.06 
Fe(3+) 0.75 0.83 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Ti 0.05 0.02 0.02 0.00 0.02 0.02 0.02 0.02 0.06 0.03 
Fe(2+) 0.12 0.08 0.48 0.50 0.35 0.35 0.36 0.34 0.34 0.30 
Mn 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 
Mg 0.00 0.00 1.27 1.27 0.67 0.68 0.69 0.67 0.45 0.54 
Ca 0.00 0.02 0.04 0.04 0.66 0.66 0.67 0.67 1.02 1.05 
Na 1.07 1.06 0.00 0.00 0.09 0.09 0.09 0.08 0.03 0.00 
K 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
total 4.21 4.23 3.99 4.00 3.97 3.98 3.97 3.96 4.00 3.98 
Mg# 0.00 0.00 72.81 71.28 65.96 66.17 66.10 67.03 56.91 63.99 
Per cent end-members 
Wo 0.00 0.94 2.22 2.15 37.32 37.29 37.15 38.07 55.10 55.37 
En 0.00 0.00 71.12 69.73 37.94 38.03 38.02 38.39 24.63 28.52 
Fs 45.01 45.73 26.67 28.12 19.73 19.58 19.66 19.08 18.67 16.12 
Ae 54.99 53.33 0.00 0.00 5.02 5.11 5.17 4.45 1.60 0.00 
total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 
 
51 52 53 54 55 56 57 58 59 60 
 Xe11 Xe11 Xe11 Xe11 Xe11 Xe11 Xe11_2 Xe11_2 Xe15_2 Xe15_2 
Sample (R5_24) (R1_6) (R2_3) (R4_2) (R4_3) (R4_5) (R2_1) (R2_3) (R1_1) (R1_3) 
SiO2 49.62 50.80 49.10 51.00 50.40 49.80 48.73 49.15 54.27 53.09 
TiO2 1.20 1.38 1.50 1.00 1.10 1.10 1.69 1.23 0.00 0.00 
Al2O3 3.67 3.84 3.90 3.20 2.80 3.50 7.21 6.29 0.00 0.00 
Cr2O3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
FeO 11.25 6.87 11.40 9.80 11.50 11.40 9.01 10.28 10.82 12.48 
MnO 0.51 0.00 0.50 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
MgO 8.39 10.45 8.20 9.50 8.90 8.70 10.10 9.70 10.11 9.12 
CaO 25.36 26.66 25.40 25.50 25.30 25.50 23.26 23.35 24.81 25.32 
Na2O 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
K2O 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 
Number of cations on basis of 6 oxygens 
Si 1.90 1.90 1.88 1.93 1.92 1.90 1.82 1.85 2.04 2.02 
Al (T) 0.10 0.10 0.12 0.07 0.08 0.10 0.18 0.15 0.00 0.00 
Al (M1) 0.06 0.07 0.06 0.07 0.05 0.06 0.14 0.13 0.00 0.00 
Fe(3+) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Ti 0.03 0.04 0.04 0.03 0.03 0.03 0.05 0.03 0.00 0.00 
Fe(2+) 0.36 0.22 0.37 0.31 0.37 0.36 0.28 0.33 0.34 0.40 
Mn 0.02 0.00 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Mg 0.48 0.58 0.47 0.53 0.51 0.49 0.56 0.54 0.57 0.52 
Ca 1.04 1.07 1.04 1.03 1.03 1.04 0.93 0.94 1.00 1.03 
Na 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
K 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
total 3.99 3.98 3.99 3.98 3.99 3.99 3.97 3.98 3.96 3.98 
Mg# 55.97 73.06 55.11 63.35 57.98 57.64 66.67 62.71 62.49 56.57 
Per cent end-members 
Wo 54.82 57.14 55.06 54.93 54.18 54.81 52.38 51.98 52.34 52.96 
En 25.23 31.27 24.74 28.48 26.52 26.02 31.66 30.04 29.66 26.54 
Fs 19.94 11.59 20.20 16.59 19.30 19.17 15.95 17.98 18.01 20.50 
Ae 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 
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61 62 63 64 65 66 67 68 69 70 
Xe15_2 Xe15_2 Xe15_2 Xe15_2 Xe15_2 Xe15_2 Xe16 Xe16 Xe16 Xe16 
Sample (R2_1) (R2_4) (R2_5) (R3_2) (R3_3) (R3_4) (R1_4) (R2_1) (R2_4) (R5_2) 
SiO2 53.31 52.82 52.28 53.09 53.88 53.36 52.48 53.49 53.49 52.21 
TiO2 0.98 0.85 1.03 0.73 0.91 1.38 0.64 0.00 0.34 0.48 
Al2O3 0.00 0.00 0.00 0.00 0.00 0.91 5.03 2.17 3.11 5.23 
Cr2O3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
FeO 12.20 11.39 18.08 11.78 14.50 10.19 11.47 10.66 9.75 11.78 
MnO 0.00 0.41 0.82 1.05 0.84 0.75 0.00 0.00 0.00 0.00 
MgO 9.92 10.00 6.14 9.26 7.66 9.82 11.70 13.68 13.38 11.51 
CaO 22.45 23.21 19.09 23.10 20.49 22.29 17.32 20.00 19.93 17.24 
Na2O 1.14 1.32 2.56 0.99 1.71 1.31 1.36 0.00 0.00 1.56 
K2O 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 
Number of cations on basis of 6 oxygens 
Si 2.02 2.01 2.04 2.02 2.06 2.01 1.95 1.99 1.98 1.94 
Al (T) 0.00 0.00 0.00 0.00 0.00 0.00 0.05 0.01 0.02 0.06 
Al (M1) 0.00 0.00 0.00 0.00 0.00 0.04 0.17 0.08 0.11 0.17 
Fe(3+) 0.00 0.05 0.09 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Ti 0.03 0.02 0.03 0.02 0.03 0.04 0.02 0.00 0.01 0.01 
Fe(2+) 0.39 0.31 0.50 0.38 0.47 0.32 0.36 0.33 0.31 0.37 
Mn 0.00 0.01 0.03 0.03 0.03 0.02 0.00 0.00 0.00 0.00 
Mg 0.56 0.57 0.36 0.53 0.44 0.55 0.65 0.76 0.74 0.64 
Ca 0.91 0.95 0.80 0.94 0.84 0.90 0.69 0.80 0.79 0.69 
Na 0.08 0.10 0.19 0.07 0.13 0.10 0.10 0.00 0.00 0.11 
K 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
total 3.99 4.02 4.03 3.99 3.98 3.98 3.98 3.97 3.95 3.99 
Mg# 59.18 60.17 36.68 56.26 47.08 61.53 64.52 69.58 70.97 63.53 
Per cent end-members 
Wo 46.91 47.66 40.68 48.30 44.26 47.51 38.42 42.17 43.08 38.06 
En 28.85 28.58 18.22 26.96 23.02 29.13 36.12 40.13 40.24 35.35 
Fs 19.94 18.85 31.24 20.99 26.02 18.30 19.99 17.70 16.68 20.36 
Ae 4.30 4.91 9.86 3.75 6.70 5.06 5.48 0.00 0.00 6.23 
total 100 100 100 100 100 100 100 100 100 100 
71 72 73 74 75 Following analyses contain ferric iron. FeO 
Xe16 Xe16 Xe16 Xe16 Xe16 and Fe2O3 content in weight percentages: 
Sample (R5_7) (R2_3) (R4_1) (R4_2) (R4_3)  
SiO2 52.06 51.80 54.29 53.77 55.84  Analysis 30 31 32 33 
TiO2 0.63 0.71 2.68 3.25 2.86  Fe2O3 7.36 7.11 1.91 12.79 
Al2O3 4.92 5.18 0.81 0.41 0.44  FeO 11.71 11.24 15.46 9.25 
Cr2O3 0.00 0.00 0.00 0.00 0.00  Analysis 42.00 62.00 63.00 73.00 
FeO 12.38 12.47 20.11 18.86 18.44  Fe2O3 29.92 1.74 3.02 11.35 
MnO 0.00 0.00 0.00 0.00 0.43  FeO 2.56 9.82 15.37 9.90 
MgO 11.37 11.27 4.60 5.37 3.54  
CaO 17.24 17.28 9.52 11.28 11.05  Analysis 39 40 41  
Na2O 1.40 1.30 7.99 7.06 7.40  Fe2O3 10.42 23.58 27.03  
K2O 0.00 0.00 0.00 0.00 0.00  FeO 17.54 7.09 3.92  
total 100.00 100.00 100.00 100.00 100.00 Analysis 74 75 
Number of cations on basis of 6 oxygens Fe2O3 9.31 4.79 
Si 1.94 1.93 2.09 2.07 2.14 FeO 10.48 14.12 
Al (T) 0.06 0.07 0.00 0.00 0.00  
Al (M1) 0.16 0.16 0.04 0.02 0.02 
Fe(3+) 0.00 0.00 0.32 0.26 0.14 
Cr 0.00 0.00 0.00 0.00 0.00 
Ti 0.02 0.02 0.08 0.09 0.08 
Fe(2+) 0.39 0.39 0.31 0.33 0.45 
Mn 0.00 0.00 0.00 0.00 0.01 
Mg 0.63 0.63 0.26 0.31 0.20 
Ca 0.69 0.69 0.39 0.47 0.45 
Na 0.10 0.09 0.60 0.53 0.55 
K 0.00 0.00 0.00 0.00 0.00 
total 3.98 3.98 4.09 4.08 4.04 
Mg# 62.09 61.70 28.95 33.67 25.07 
KEY: Wt-%=weight percentage. FeO is total iron. 
Number of cations on the basis of 6 oxygens: 
Al(T)=Aluminium on T site, Al(M1)=aluminium on 
M1 site, Fe3+, Cr and Ti on M1 site. Ca. Na and 
Mn on M2 site. Fe2+ and Mg the distribution 
between M1 and M2 not defined. 
Mg#=magnesium 
ratio Mg/(Mg+Fetot+Mn). Per cent end-members: 
Wo=Ca2Si2O6 En=Mg2Si2O6 Fs=Fe2Si2O6 
Ae=NaFe3+Si2O6, modified from spread sheets by 
Preston (1999) using Morimoto et al. 1989. Iron 
oxide weight percentages are calculated according 
to equation FeO(tot)=FeO+0.8998*Fe2O3. 
Per cent end-members 
Wo 38.06 38.32 20.86 24.56 25.14 
En 34.94 34.77 14.01 16.27 11.22 
Fs 21.42 21.69 33.47 31.35 33.15 
Ae 5.58 5.21 31.66 27.82 30.49 
total 100.00 100.00 100.00 100.00 100.00 
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Table 10 Rutile analyses. 
1 2 3 4 5 6 7 8 9 10 
P3 P3 P8 Xe1 Xe10 Xe10 Xe13 Xe13 Xe13 Xe14 
Sample (R1_6) (R2_8) (R5_4) (R1_1) (R3_3) (R3_4) (R1_6) (R2_1) (R2_10) (R1_1) 
SiO2 0.00 0.00 0.00 0.00 0.00 0.00 0.43 0.00 0.00 0.00 
TiO2 96.85 97.27 98.81 99.72 98.27 98.86 96.70 98.55 99.02 98.88 
Al2O3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Cr2O3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
FeO 0.00 0.00 1.04 0.00 1.09 0.00 0.00 0.00 0.00 0.00 
MgO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
CaO 0.00 0.00 0.00 0.28 0.00 0.24 0.00 0.00 0.00 0.00 
V2O5 0.71 0.83 0.14 0.00 0.00 0.00 2.87 1.45 0.98 0.00 
ZnO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.12 
Nb2O5 2.44 1.90 0.00 0.00 0.64 0.91 0.00 0.00 0.00 0.00 
BaO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 
The number of cations on the basis of 2 oxygen atoms 
Si 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 
Ti 0.97 0.98 0.99 1.00 0.99 0.99 0.96 0.98 0.99 0.99 
Al 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Fe(tot) 0.00 0.00 0.01 0.00 0.01 0.00 0.00 0.00 0.00 0.00 
Mg 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Ca 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
V 0.01 0.01 0.00 0.00 0.00 0.00 0.03 0.01 0.01 0.00 
Zn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 
Nb 0.02 0.01 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 
Ba 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Total 1.00 1.00 1.01 1.00 1.01 1.00 0.99 1.00 1.00 1.01 
11 12 
Xe15 Xe16 
 Sample (R4_5) (R3_5) 
SiO2 0.44 0.00 
TiO2 94.56 98.59 
Al2O3 0.00 0.00 
Cr2O3 0.00 0.00 
FeO 0.00 1.41 
MgO 0.00 0.00 
CaO 1.35 0.00 
V2O5 1.25 0.00 
ZnO 0.00 0.00 
Nb2O5 0.00 0.00 
BaO 2.40 0.00 
Total 100.00 100.00 
The number of cations on the basis of 2 oxygen atoms 
Si 0.01 0.00 
Ti 0.96 0.99 
Al 0.00 0.00 
Cr 0.00 0.00 
Fe(tot) 0.00 0.02 
Mg 0.00 0.00 
Ca 0.02 0.00 
V 0.01 0.00 
Zn 0.00 0.00 
Nb 0.00 0.00 
Ba 0.01 0.00 
Total 1.01 1.01 
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Table 11 Spinel group mineral analyses. 
1 2 3 4 5 6 7 8 9 10 
P4 P4 P4 P5 P5 P5 P5 P6 P6 P7 
Sample (R2_5) (R2_8) (R3_3) (R3_5) (R4_3) (R4_4) (R5_1) (R2_4) (R3_4) (R4_6) 
SiO2 1.54 1.52 0.77 2.44 0.00 0.00 1.44 0.00 3.12 2.36 
TiO2 11.40 6.12 8.98 26.69 0.00 0.00 0.00 24.01 0.00 27.48 
Al2O3 0.63 0.92 4.36 3.26 59.95 58.97 66.55 5.89 0.00 1.84 
Cr2O3 1.56 0.62 0.00 0.00 0.00 0.00 0.00 1.52 0.00 0.00 
V2O5 0.00 0.00 0.00 0.00 0.00 0.00 0.00 3.33 0.00 0.00 
FeO 84.28 90.41 85.30 67.61 35.26 36.74 25.09 65.25 96.32 67.39 
MnO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.92 
MgO 0.00 0.00 0.00 0.00 4.79 4.29 6.92 0.00 0.56 0.00 
CaO 0.59 0.41 0.59 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
ZnO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 
The number of cations on the basis of 32 oxygen atoms 
Si 0.44 0.44 0.22 0.71 0.00 0.00 0.31 0.00 0.89 0.69 
Ti 2.47 1.32 1.92 5.81 0.00 0.00 0.00 5.19 0.00 6.03 
Al 0.21 0.31 1.46 1.11 15.81 15.65 16.93 2.00 0.00 0.63 
Cr 0.36 0.14 0.00 0.00 0.00 0.00 0.00 0.35 0.00 0.00 
V 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.77 0.00 0.00 
Fe3+ 9.59 12.04 10.28 1.85 0.19 0.35 0.00 2.50 14.23 1.94 
Fe2+ 10.74 9.63 9.95 14.52 6.40 6.56 4.53 13.19 8.65 14.49 
Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.23 
Mg 0.00 0.00 0.00 0.00 1.60 1.44 2.23 0.00 0.24 0.00 
Ca 0.18 0.13 0.18 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Zn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Total 24.00 24.00 24.00 24.00 24.00 24.00 24.00 24.00 24.00 24.00 
11 12 13 14 15 16 17 18 19 20 
P8 P8 P8 P8 P8 P8 P8 P9 Xe1 Xe1 
Sample (R2_8) (R3_1) (R3_2) (R3_3) (R4_6) (R5_1) (R5_5) (R2_3) (R2_1) (R2_2) 
SiO2 3.83 0.51 1.12 0.38 0.00 1.14 0.00 0.47 0.00 4.11 
TiO2 0.00 15.68 77.24 31.43 30.45 9.97 21.80 16.65 4.18 0.00 
Al2O3 0.00 6.95 0.00 1.83 4.26 3.47 3.94 1.28 3.61 0.00 
Cr2O3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
V2O5 0.00 0.00 0.00 0.00 0.00 0.00 0.96 0.00 0.00 0.00 
FeO 94.98 76.09 20.62 65.98 64.88 84.05 73.30 81.60 90.81 88.63 
MnO 0.00 0.78 0.71 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
MgO 1.18 0.00 0.32 0.39 0.41 0.00 0.00 0.00 1.40 7.26 
CaO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
ZnO 0.00 0.00 0.00 0.00 0.00 1.38 0.00 0.00 0.00 0.00 
Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 
The number of cations on the basis of 32 oxygen atoms 
Si 1.08 0.14 0.35 0.11 0.00 0.32 0.00 0.14 0.00 1.11 
Ti 0.00 3.34 17.98 6.93 6.64 2.14 4.74 3.63 0.88 0.00 
Al 0.00 2.32 0.00 0.63 1.46 1.17 1.34 0.44 1.20 0.00 
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
V 0.00 0.00 0.00 0.00 0.00 0.00 0.22 0.00 0.00 0.00 
Fe3+ 13.84 6.72 0.00 1.30 1.27 9.90 4.97 8.02 13.04 13.78 
Fe2+ 8.58 11.30 5.34 14.87 14.46 10.18 12.74 11.77 8.30 6.19 
Mn 0.00 0.19 0.18 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Mg 0.50 0.00 0.15 0.17 0.18 0.00 0.00 0.00 0.58 2.92 
Ca 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Zn 0.00 0.00 0.00 0.00 0.00 0.29 0.00 0.00 0.00 0.00 
Total 24.00 24.00 24.00 24.00 24.00 24.00 24.00 24.00 24.00 24.00 
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 21 22 23 24 25 26 27 28 29 30 
 Xe1 Xe1 Xe1 Xe1 Xe3 Xe3 Xe4 Xe4 Xe4 Xe9 
Sample (R3_1) (R4_1) (R4_2) (R4_6) (R1_6) (R3_1) (R2_3) (R3_1) (R3_2) (R1_1) 
SiO2 0.00 0.00 1.04 0.43 0.41 0.36 4.64 0.00 3.42 0.62 
TiO2 4.68 7.24 0.00 37.45 0.00 0.00 0.00 0.00 0.00 15.84 
Al2O3 2.72 3.91 0.00 1.39 0.41 0.00 0.00 0.00 0.00 2.51 
Cr2O3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
V2O5 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
FeO 91.84 88.19 73.23 58.04 98.44 99.15 88.62 85.71 89.53 81.02 
MnO 0.00 0.00 0.00 0.00 0.00 0.00 1.11 1.70 0.00 0.00 
MgO 0.77 0.65 25.04 2.69 0.74 0.49 5.26 9.03 6.22 0.00 
CaO 0.00 0.00 0.69 0.00 0.00 0.00 0.37 3.56 0.82 0.00 
ZnO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 
The number of cations on the basis of 32 oxygen atoms 
Si 0.00 0.00 0.25 0.13 0.12 0.10 1.27 0.00 0.93 0.18 
Ti 1.00 1.54 0.00 8.17 0.00 0.00 0.00 0.00 0.00 3.44 
Al 0.91 1.31 0.00 0.47 0.14 0.00 0.00 0.00 0.00 0.85 
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
V 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Fe3+ 13.10 11.61 15.50 0.00 15.63 15.79 13.47 16.00 14.14 7.92 
Fe2+ 8.67 9.27 -0.86 14.07 7.80 7.90 6.76 3.03 6.17 11.62 
Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.26 0.38 0.00 0.00 
Mg 0.32 0.28 8.93 1.16 0.31 0.21 2.14 3.57 2.52 0.00 
Ca 0.00 0.00 0.18 0.00 0.00 0.00 0.11 1.01 0.24 0.00 
Zn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Total 24.00 24.00 24.00 24.00 24.00 24.00 24.00 24.00 24.00 24.00 
 31 32 33 34 35 36 37 38 39 40 
 Xe9 Xe9 Xe9 Xe10 Xe11 Xe11 Xe11 Xe13 Xe15_2 Xe16 
Sample (R2_3) (R2_5) (R3_6) (R3_6) (R4_15) (R4_16) (R5_27) (R1_9) (R1_5) (R1_1) 
SiO2 0.55 0.00 0.00 0.44 1.50 0.00 0.00 4.41 0.00 0.00 
TiO2 1.09 6.46 6.97 36.71 8.00 11.72 13.79 0.44 18.12 14.64 
Al2O3 6.57 6.38 7.66 0.00 3.78 2.89 7.41 16.91 0.00 0.00 
Cr2O3 0.00 0.00 0.00 0.00 0.00 0.00 0.55 0.00 0.00 0.00 
V2O5 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
FeO 90.17 84.90 82.42 62.85 86.72 83.95 77.74 75.13 81.60 84.60 
MnO 1.00 1.38 0.56 0.00 0.00 1.45 0.00 0.00 0.00 0.77 
MgO 0.38 0.87 2.39 0.00 0.00 0.00 0.00 2.27 0.00 0.00 
CaO 0.25 0.00 0.00 0.00 0.00 0.00 0.52 0.84 0.28 0.00 
ZnO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 
The number of cations on the basis of 32 oxygen atoms 
Si 0.15 0.00 0.00 0.13 0.43 0.00 0.00 1.15 0.00 0.00 
Ti 0.23 1.36 1.44 8.22 1.71 2.53 2.93 0.09 3.98 3.21 
Al 2.15 2.10 2.48 0.00 1.27 0.98 2.46 5.21 0.00 0.00 
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.12 0.00 0.00 0.00 
V 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Fe3+ 13.09 11.18 10.63 0.00 10.46 9.97 7.56 8.31 8.04 9.59 
Fe2+ 7.91 8.67 8.33 15.65 10.14 10.18 10.77 8.12 11.89 11.02 
Mn 0.23 0.33 0.13 0.00 0.00 0.35 0.00 0.00 0.00 0.19 
Mg 0.16 0.36 0.98 0.00 0.00 0.00 0.00 0.88 0.00 0.00 
Ca 0.08 0.00 0.00 0.00 0.00 0.00 0.16 0.23 0.09 0.00 
Zn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Total 24.00 24.00 24.00 24.00 24.00 24.00 24.00 24.00 24.00 24.00 
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41 42 43 
Xe16 Xe16 Xe16 
 Sample (R1_2) (R3_4) (R5_1) SiO2
0.51 0.78 0.00 
TiO2 84.84 26.36 32.97 
Al2O3 0.00 2.91 1.87 
Cr2O3 0.00 0.00 0.00 
V2O5 0.00 0.00 0.00 
FeO 14.65 69.94 59.37 
MnO 0.00 0.00 4.31 
MgO 0.00 0.00 1.48 
CaO 0.00 0.00 0.00 
ZnO 0.00 0.00 0.00 
Total 100.00    100.00  100.00 
The number of cations on the basis of 32 
oxygens Si 0.16 0.23 0.00 
Ti 20.00 5.77 7.21 
Al 0.00 1.00 0.64 
Cr 0.00 0.00 0.00 
V 0.00 0.00 0.00 
Fe3+ 0.00 3.01 0.93 
Fe2+ 3.84 13.99 13.51 
Mn 0.00 0.00 1.06 
Mg 0.00 0.00 0.64 
Ca 0.00 0.00 0.00 
Zn 0.00 0.00 0.00 
Total 24.00 24.00 24.00 
Table 12 Ilmenite analyses. 
Ilmenite 1 2 3 
P5 Xe9 Xe16 
 Sample (R5_5) (R1_2) (R1_2) SiO2
0.00 0.32 0.51 
TiO2 56.59 47.24 84.84 
Al2O3 0.00 0.00 0.00 
Cr2O3 0.00 0.00 0.00 
V2O5 0.00 0.00 0.00 
FeO 40.92 50.71 14.65 
MnO 1.72 1.73 0.00 
MgO 0.77 0.00 0.00 
CaO 0.00 0.00 0.00 
ZnO 0.00 0.00 0.00 
Total 100.00    100.00  100.00 
The number of cations on the basis of 6 
oxygens Si 0.00 0.02 0.02 
Ti 2.09 1.85 2.74 
Al 0.00 0.00 0.00 
Cr 0.00 0.00 0.00 
V 0.00 0.00 0.00 
Fe(2+) 1.69 1.75 0.53 
Fe(3+) 0.00 0.47 0.00 
Mn 0.07 0.08 0.00 
Mg 0.06 0.00 0.00 
Ca 0.00 0.00 0.00 
Zn 0.00 0.00 0.00 
Total 3.91 4.16 3.28 
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